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SUMMARY 

A series of experimental investigations were conducted at the NASA Langley Unitary Plan Wind 
Tunnel (UPWT) to calibrate cone -probe rakes designed to measure the flow field on 1-2% scale, 
high-speed wind tunnel models from Mach 2.15 to 2.4. The rakes were developed from a previous 
design that exhibited unfavorable measurement characteristics caused by a high probe spatial density 
and flow blockage from the rake body. Calibration parameters included Mach number, total pressure 
recovery, and flow angularity. Reference conditions were determined from a localized UPWT test 
section flow survey using a 10° supersonic wedge probe. Test section Mach number and total pres- 
sure were determined using a novel iterative technique that accounted for boundary layer effects on 
the wedge surface. Cone-probe measurements were correlated to the surveyed flow conditions using 
analytical functions and recursive algorithms that resolved Mach number, pressure recovery, and 
flow angle to within ±0.01, ±1% and ±0.1°, respectively, for angles of attack and sideslip between 
±8°. Uncertainty estimates indicated the overall cone-probe calibration accuracy was strongly 
influenced by the propagation of measurement error into the calculated results. 
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Mach number 
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test section coordinates 
angle of attack 
angle of sideslip 
ratio of specific heats 
turning or inclination angle 
elevation angle (gravity axis) 
oblique shock angle 
tunnel upflow 
tunnel crossflow 
standard deviation 
roll angle 
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INTRODUCTION 


The five-hole cone probe has been commonly used for measuring subsonic and supersonic flow 
fields. Flow angularity, Mach number, and total pressure are deduced from a single pitot pressure 
and four static pressures located on a conical head. In many wind tunnel model applications, 
cone-probes have been calibrated and used to map internal and external flows on various aircraft 
components over a range of Mach numbers (refs. 1-5). 

Typically, the cone-probes must resolve the flow field in sufficient detail to extract flow gradient 
and directional information for comparison with computational or analytical predictions. For super- 
sonic flow measurement applications, careful attention to probe spacing and rake body design is 
required to ensure the measurements are free of instrument-related flow interference or disturbances. 
Achieving these goals on cone-probe assemblies designed for high-speed testing on 1-2% scale 
wind tunnel models poses a difficult engineering challenge. 

The following sections describe the methods developed for calibrating cone-probes for small 
scale, high-speed wind tunnel model applications. Experimental data collected from two successful 
cone-probe rakes are compared to measurements from a third cone-probe rake design. Details of a 
test section flow survey which was conducted in support of the cone -probe calibrations are also 
presented. The experimental data quality for both flow survey and cone-probe test entries is 
discussed in terms of the absolute uncertainty in Mach number, pressure recovery, and flow 
angularity. 


TEST DESCRIPTION 


General 

The cone-probe calibrations were conducted at the NASA Langley Unitary Plan Wind Tunnel 
(UPWT) in December 1997. To achieve the desired cone-probe data quality, detailed knowledge of 
the UPWT test section flow quality was required to properly correlate tunnel conditions with cone- 
probe measurements. Historical data describing the flow quality in each test section was insufficient 
to meet this requirement. Therefore, the cone-probe calibration effort was preceded by a localized 
flow survey during October 1997 in UPWT Test Sections (TS) 1 and 2 using a pressure- 
instrumented supersonic wedge probe. 

As part of the initial flow survey of each UPWT test section, a 16 cone-probe rake assembly was 
tested to coincide with the probe calibration effort. Unfortunately, flow interference from the rake 
body adversely affected the majority of the cone-probe pressure measurements, rendering the data 
invalid for useful correlation and analysis. Subsequently, the calibration was suspended until a new 
rake design was developed to eliminate the interference effects. Cone-probe testing eventually 
resumed following the construction of two new rake assemblies with improved performance 
characteristics. 
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Facility Calibration Background 


The Langley UPWT is a closed-circuit pressure tunnel, with two 4-ft by 4-ft test sections (TS1, 
TS2). Mach number is controlled using a sliding block nozzle upstream of each test section. Several 
comprehensive flow surveys were conducted in TS 1 and 2 at selected conditions and tunnel stations 
(ref. 6). As reported by reference 6 in 1981, the Mach number survey was accurate to ±0.01 and 
±0.004 for TS 1 and 2, respectively, while test section flow angularity was reportedly accurate to 
within ±0.1° in both test sections. The Mach number and flow angularity profiles in TS 1 and 2 were 
qualitatively mapped at selected stations. Although these results have been published, the spatial 
flow distributions could not be sufficiently resolved or interpolated with reasonable accuracy for 
cone-probe correlation purposes. 

In past UPWT flow surveys, the local test section Mach number for flow settings above 
Mach 2.0 was determined by assuming a perfect (unity) nozzle-test section total pressure recovery. 
This approach relied on adiabatic normal shock theory to calculate the Mach number from multiple 
test section pitot pressures together with the settling chamber stagnation pressure. By neglecting the 
stagnation losses, however, the local test section total pressure and Mach number results were 
subject to errors. As depicted in figure 1, a 1% decay in the average test section total pressure 
recovery (P tl /P t0 ) corresponds to a -0.01 to -0.015 decrement in the ideal Mach number computed 
from normal shock theory for test section Mach numbers between 2.0 and 2.5. By ignoring stagna- 
tion pressure losses, the reported test section Mach number uncertainty was likely to be higher than 
initially reported in reference 6. 


Wedge Probe 

To accurately establish the test section total pressure and Mach number for cone -probe 
calibration (independently of tunnel settling chamber pressure), an instrumented wedge probe 
featuring a 10° half-angle was employed. The wedge probe used to survey the flow in each Langley 
UPWT test section was originally constructed as one of six probes for calibrating the NASA Ames 
UPWT 9-ft by 7-ft (9 X 7) supersonic wind tunnel in 1993. These probes were derivatives of a 
previous wedge built for an earlier pilot calibration of the 9X7 (ref. 7). The 10° wedge probes were 
designed to measure test section flow conditions at Mach numbers between 1.5 and 2.6 when 
aligned parallel to the nominal stream direction. 

The original 9X7 wedge design was based on similar wedge hardware developed for surveying 
the flow in the NASA Lewis 10-ft by 10-ft supersonic wind tunnel (ref. 8). Similar wedge probes 
have been designed and tested with different instrumentation features to measure the flow at other 
supersonic wind tunnel facilities (refs. 4, 9, and 10). 

The actual wedge used for the Langley UPWT flow surveys was designated as Wedge #1. The 
wedge featured an average half-angle of 10.1063° which was derived from Ames metrology 
measurements performed prior to the 1993 9X7 UPWT calibration. For reference purposes, the two 
inclined wedge surfaces were designated as surfaces “A” and “B.” As shown in figure 2, the wedge 
probe instrumentation consisted of paired surface static pressure orifices (P 2A , P 2B ), surface pitot 
probes (P t 3 A , P t3B ), and outboard pitot probes (P t 2 nA ’ P t2n B)- The wedge static pressure orifices and 
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pitot probes had exposed hole diameters of 0.04 in., each with its own service tubing for obtaining 
separate pressure measurements. 


Cone-Probe Rakes 

The five-hole cone-probes were selected and designed to measure the Mach number, total 
pressure, and flow angularity at Mach numbers above 2 and flow angles within a ±15° range. The 
stainless steel probe barrel had an external diameter of 0.125 in., and was tipped by a pressure 
instrumented 40° conical head. The pressure instrumentation consisted on each probe of a single 
0.016 in. diameter pitot centered at the tip of a truncated conical apex with four equally spaced static 
pressure taps having hole diameters of 0.015 in. 

As shown in figure 3, the initial rake assembly consisted of a 4-by-4 probe array containing 
16 equally spaced cone -probes. The collective probe arrangement was designed to map the flow 
field within a 1.125 in. by 1.125 in. square periphery. Relying on shock theory and reference data for 
conical surfaces (refs. 4 and 11), the probe spacing was selected to ensure each instrumented conical 
head remained free of incident shock impingement from neighboring cone -probes at design 
conditions. 

As previously mentioned, two new rake assemblies were constructed after unsatisfactory 
pressure measurements were obtained from the 16-probe rake. Both rakes were designed with 
features to alleviate flow blockage and instabilities which could potentially propagate forward of 
the rake body. As a principal risk reduction measure, the projected frontal area occupied by the rake 
was reduced by decreasing the probe density. As illustrated in figure 4, one of the modified rakes 
(rake 1) arranged the probes into a 2-by-4 rectangular pattern. Slots were incorporated into the probe 
holders to bleed and stabilize any shocks formed within the rake body. To further mitigate the 
adverse effects of flow interference, the probe tips were positioned farther upstream of the rake body 
leading edge. 

The second modified cone -probe rake (rake 2) was designed and constructed to function as a 
backup to the first rake, in the event adverse flow blockage effects were not completely eliminated. 
As shown in figure 5, the second rake assembly featured a 2-by-3 rectangular probe spacing which 
encompassed the same peripheral area as the 2-by-4 rake. With increased vertical spacing between 
probes, larger vent slots were incorporated in the probe holder to increase rake body channel flow 
bleed-off effectiveness and promote shock stability. The probe length forward of the rake body 
leading edge was identical to the primary modified rake. Both modified cone-probe rake assemblies 
were designed to map the flow field within a 0.8-in. by 1.2-in. rectangular region. 


Model Installation and Articulation 

A schematic and photograph of the wedge installation for the UPWT test section flow survey is 
depicted in figure 6. The wedge and sting adapter were collectively rolled together (through angle 
4> s ) using the roll coupling mechanism, and translated laterally (in the y-direction) using the tunnel’s 
model support strut. This arrangement permitted the wedge to be centered along the test section 
vertical symmetry plane at two different heights (+z-direction) above the tunnel floor. The wedge tip 
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was maintained at a constant tunnel axial station by positioning the wedge leading edge at the 
upstream frame of test section window number 6. The vertical separation distance between the two 
survey locations was bounded between z = 16.24 in. and z = 19.73 in. from wedge tip to wedge tip at 
a neutral wedge elevation. For additional roll orientations, the wedge was rotated about the forward 
end of the dog-leg adapter (through angle (]) w ) in 90° increments; the total model roll angle, (f> M , 
resulted from the combined rotation ((]) w + (]) s ). The various combinations of roll coupling and 
manual wedge rotations employed to survey the test section are illustrated in figure 7. 

At each vertical location, the wedge was articulated in either pitch (£) or yaw (\)/) directions 
(relative to the test section centerline) to acquire data over a ±2° range. For tunnel upflow angle 
determination (z-direction), the wedge was rotated to either (f> M = 0° or 180° and pitched through £ in 
0.25° increments at a nominally zero yaw angle. Tunnel crossflow was established in a similar 
fashion by rotating the wedge to either (f> M = 90° or -90°, then yawing through \|/ in 0.25° increments 
at a nominally zero pitch angle. For pitch rotations, the upright wedge orientation was defined with 
wedge surface A facing the tunnel ceiling (+z direction, (|) M = 0°). In the transverse direction, the 
upright orientation was defined with wedge surface A facing +y direction ((]) M = 90°). At yaw angles 
other than zero, the model support strut was translated to maintain the center of rotation about the 
wedge leading edge and within ±1 in. of the test section vertical symmetry plane. 

The cone-probe rake installation is depicted in figure 8. For each rake installation, the rake 
assembly was attached to the sting adapter in place of the dog-leg adapter used during wedge testing. 
The roll coupling mechanism was not actuated for cone-probe testing; the rake was maintained at 
(f> s = 4> m = 0° during articulation. At a neutral pitch and yaw orientation, the cone-probe tips were 
positioned in the center of test section window number 6. Each rake was parametrically pitched in £ 
every 1° over a ±12° range, at constant \)/ from -8° to 8° in 2° increments. At yaw angles other than 
zero, the model support strut was translated to maintain the center of rotation about the middle of the 
rake probe array and within ±1 in. of the test section vertical symmetry plane. 

As illustrated in figure 9, the two wedge measurement locations above the test section floor 
defined a spatial region for interpolating Mach number, total pressure, and stream angle for cone- 
probe calibration. Due to the model articulation arrangement, both wedge and cone -probes were 
vertically displaced in the z-direction when rotated by the model pitch mechanism. Since the same 
angle source was used to measure model angle of attack in the tunnel for both wedge and cone-probe 
tests, the cone-probe and wedge positions were related to each other by calibrating the sting adapter 
position above the floor as a function of model pitch elevation, z,. ef (£). The measured sting adapter 
vertical displacement to model pitch angle relation is shown in figure 10. In addition to vertical 
travel, both wedge and cone-probe rake also translated along the test section centerline when 
elevated by the tunnel pitch mechanism. Since the wedge and rake were exposed to the same flow 
conditions over a common test section region during pitch rotations, no axial position adjustments 
were performed to maintain the model at a constant tunnel station during model articulation. 


Instrumentation and Data System 

Each UPWT test section retained its own dedicated data acquisition system and instrumentation 
suite that was centered around a Modcomp 88100 Open Architecture System. Data acquisition and 
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real time data reduction for the test operational mode of the tunnel were performed utilizing a 
Modcomp 88100 computer complex that was interfaced to Neff 620 analog amplifier conditioning 
units and Pressure Systems Inc. (PSI) 8400 System Processors (SP). Final data reduction and post- 
processing functions were accomplished on Sun Ultra 2 SPARC II workstations linked to the 
Langley network (LaRCNET). 

The tunnel total pressure was derived from one of two pitot probes located in the settling 
chamber of each test section. Each settling chamber pressure was measured by a vacuum-referenced 
Ruska Series 6000 quartz differential pressure transducer. Tunnel humidity was obtained from a 
General Eastern SPECTRA LI Hygrometer. Tunnel total temperature was measured by an Instrulab 
25-ohm platinum resistance thermometer. No corrections for thermal transfer, flow losses or other 
dissipative effects were applied to these tunnel measurements. 

In both wedge and cone-probe tests, the primary gravity-axis model elevation angle (£) was 
measured by an AlliedSignal Q-Flex Model QA1402 accelerometer. The Q-Flex was installed in a 
housing attached to the sting adapter at a single location for all sting roll orientations. Model yaw 
(\\i) was determined from tunnel strut yaw mechanism resolver readings. Model sting roll (<f» s ) was 
measured from resolvers located in the roll-coupling mechanism. Due to the relatively low aero- 
dynamic forces produced by the wedge and cone -probe rake, model and support system elastic 
deflections upstream of the respective angle measurement sources were not actively measured. 

Installed pitch and roll calibrations were performed using the Langley digital Angle 
Measurement System (AMS) that featured simultaneous pitch-roll measurement capability (through 
360°). Figure 11 shows the AMS used to reference the wedge probe orientation in the test section. 
Similar to the Q-Flex mounting, the AMS sensor’s precision base was attached directly onto the 
sting adapter at a single location for all roll orientations. This arrangement eliminated the require- 
ment for a leveling plate, and avoided angle measurement bias errors associated with multiple 
leveling surfaces and attachment points. By relying on the AMS’s simultaneous pitch-roll measure- 
ment capability, separate accelerometer calibration data were obtained at each 90° sting-roll 
increment. The accelerometer and AMS combination employed during model leveling and angle 
calibration provided better than ±0.01° zeroing repeatability between subsequent model changes. 

All wedge and cone-probe pressures were measured by 32-port, rack-mounted ±5 psid PSI 
S3200 electronic scanner modules (ESPs); 5 psid and 15 psia PSI Pressure Calibration Units (PCUs) 
provided the reference and calibration pressures. A dedicated set of PSI scanners and PCUs were 
located in an ambient environment above each UPWT test section. As depicted in figure 12, a single 
ESP module was allocated to the wedge and cone-probe pitot instrumentation for high-range 
pressure measurement, with the reference pressure vented to atmosphere. Three ESP modules were 
assigned to the wedge and cone-probe static taps for low-range pressure measurement, with the 
reference pressure set to 5 psia during normal scanner operation. 

The atmospheric and 5 psia reference pressures were individually measured by Ruska Series 
6200 portable digital pressure gauge. Throughout wedge and cone-probe testing, daily ESP module 
calibrations were performed to maintain a nominal pressure measurement tolerance of ±0.005 psid, 
relative to known, monitored conditions. Selected pressure ports from each ESP module were 
pneumatically connected to individual Ruska 6200 pressure gauges which monitored scanner 
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operational stability and drift throughout wind tunnel testing. The monitored pressure levels were 
controlled using MKS Type 250 pressure controllers. 

Tunnel and model conditions were recorded in data frames, where each frame represented a 
single scan of a particular type of measurement containing analog or ESP data. The Modcomp data 
sampling rate for all Neff analog input channels was maintained at 30 frames/sec, averaged over a 
2-second interval for each data point (60 frames averaged/point). The maximum attainable ESP data 
transmission rate between Modcomp and the 8400 SP was limited to 40 frames/sec, which was 
averaged over a 2-second interval (80 frames averaged/point). Each ESP data frame acquired by the 
Modcomp system represented a single, unaveraged measurement of all ESP port pressures. 


Tunnel Conditions 

For each tunnel Mach number setting (M set ), the nominal flow conditions in both UPWT TS 1 
and 2 were held constant during the test section survey and cone-probe calibrations. The Reynolds 
number per foot was sustained at 4 million by adjusting the tunnel total pressure (P t0 ) for each M set . 
Tunnel humidity was controlled to sustain a dewpoint of -18°F at all tunnel conditions, with the 
total temperature maintained at a nominal 125°F. Both wedge and cone-probe tests were designed to 
acquire data at nominal test section Mach numbers of 2.15, 2.29, and 2.40. Due to the tunnel operat- 
ing limitations, testing at the Mach number setting of 2.15 was conducted in TS 1, while testing at 
Mach number settings of 2.29 and 2.40 was performed in TS 2. 

No attempt was made to experimentally assess the nature of the boundary layer on either wedge 
surface during the Langley UPWT flow surveys. Based on experience gained from Ames 9X7 
wedge testing using sublimation and fluorescent oil flow visualization techniques, the boundary 
layer was found to be uniform and laminar, provided that the wedge surface remained polished and 
free of foreign surface deposits. An analytical treatment of the viscous contributions to the 
calculated flow variables is applied to the wedge data, as discussed in the following section. 


MACH NUMBER FROM WEDGE MEASUREMENTS 


Governing Equations 

Referring to figure 13, the governing equations for determining the supersonic freestream Mach 
number, Mj, and total pressure, P tl , are based on inviscid, adiabatic normal and oblique shock 
theories. Convenient expressions are given in reference 11 to implicitly relate M 1 to the oblique 
shock incident angle (0), the pressures measured by the wedge instrumentation (P t2n . P t3 , P 2 ), and 
the supersonic turning angle (8). These are given below, assuming a value for the ratio of specific 
heats (y) of 1.4: 
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(Pitot-Rayleigh formula) (1) 
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(Normal shock recovery) (5) 


M 2 2 sin 2 (0-8) = 


Mj 2 sin 2 0 + 5 
(7M t 2 sin 2 0 - 1) 


(6) 


Equations 4 and 5 can be combined to express the freestream pitot and post-oblique shock static 
pressures in terms of the freestream Mach number and oblique shock angle: 


P.m 6 

( 6Mf ^ 

2 

r 6 \ 

P 2 7M X 2 sin 2 0 - 1 

l 5 J 


[7M t 2 -lJ 


(7) 


Similarly, equations 1 and 7 can be rearranged and combined to relate the normal shock and 
post-oblique shock pitot pressures to the freestream Mach number, post-oblique shock Mach 
number, and oblique shock angle: 



7M 1 2 sin 2 0-l 
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'7Mf 
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ij 


( 8 ) 


General Mach Calculation Methods 

Due to the implicit dependency of the freestream conditions on the normal and oblique shock 
pressures and turning angle, a recursive approach must be utilized to solve for Mj. With fore- 
knowledge of the measured pressures (P t 2 n ’ Pg. P 2 ) and turning angle (8), M | may be determined 
from one of two methods: 

I: Pitot-Pitot Method, using P t2n , P t3 and 8 together with equations 2, 3, 6, and 8 

II: Pitot-Static Method, using P t2n , P 2 and 8 together with equations 3 and 7 
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Under ideal circumstances, both methods should yield identical values for Mj; differences in the 
Mach number computed between the two methods typically arise from pressure measurement errors 
and turning angle uncertainty. For each method, the process begins by equating M 1 to a Mach 
iteration variable, M liter , which is initially set to a nominal Mach number (such as the wind tunnel 
Mach number setting). In a similar fashion, the oblique shock angle, 0, is equated to its iteration 
counterpart, 0 iter , and initialized to an angle near 60° to ensure solution convergence. The relevant 
governing equations are then solved by numerical iteration until the desired residual levels are 
reached. The general procedure for computing M 1 using Methods I and II is described in 
Appendices A and B, respectively. 


Mach from Complementary Wedge Variables 

Calculation of the freestream Mach can be refined using Method I and II relationships based on 
figure 14, which identifies the complementary wedge surface pressure and geometric variables. M, 
can be computed for each wedge surface’s instrument set (P t 3 A -P 2A , Pt 3 B"^ 2 B) utilizing the appro- 
priate iterative schemes. Ideally, the Mach number, M 1A , from surface “A” pressure instrumentation 
should equal the Mach number, M 1B , from surface “B” pressure instrumentation. Under ideal 
circumstances, the converged freestream Mach number solutions from Methods I and II, Mj j and 
Mj jj, respectively, should produce identical results: Mj j = M 1A j = M 1B j = M 1>n = M 1A n = M 1B n . 

Fundamentally, M 1A , and M 1B are computed using the wedge’s geometric vertex half-angle, 8 W , 
and angle of attack, a w , to define their respective oblique shock turning angles, 8 A and S B : 

$a = <Av ~ a w (9) 

= + a w (10) 

Here, a w is measured between the stream direction and the wedge’s semi- vertex reference datum 
defining S w . 

As shown in figure 15, the presence of a boundary layer on the inclined wedge surfaces 
effectively “inflates” the wedge’s total inclusive vertex angle, thereby increasing the oblique shock 
incident angle for a constant Mj. To account for the boundary layer, a viscous flow deflection 
increment, A8 Weff , can be presumed on both surfaces A and B, to produce oblique shock angles, 

0 Aeff and 0 Be ff, respectively. Then, the effective wedge vertex half-angle, 8 Weff , can be expressed as 
the sum of the geometric wedge half-angle and the viscous flow deflection increment: 

^Weff = + A8 We ff (11) 

A corresponding effective angle of attack, a Weff , can be introduced to reflect the change in the 
indicated flow direction sensed by the wedge pressure instrumentation due to the boundary layer’s 
presence. Together with the wedge half-angle, the effective shock turning angles, S Aeff and S Beff , 
may be defined relative to the wedge symmetry plane: 

SAeff = S\Veff - a Weff (12) 
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^Beff - §Weff + tt Weff 


(13) 


Mach Number Balancing 

If sufficient information is available regarding the effective inclination of the wedge surfaces 
relative to the mean flow direction, either Method I or II should be sufficient for computing the 
freestream Mach number. However, since A8 Weff cannot be experimentally or analytically deter- 
mined with sufficient accuracy, an iterative technique (Method III) can be adopted to compute M| 
strictly from wedge pressure measurements. The process reduces the requirement for bookkeeping 
the wedge surface inclinations relative to the model angle measurement source, therefore avoiding 
the introduction of angle measurement errors from multiple angle sources. 

For a given set of wedge pressures, the Method III Mach number (M 1 m ) calculation routine 
relies on symmetry to ensure Mj j = M 1A I = M 1B I , M i n = M 1A n = M 1B n , and Mj j = M i n . Thus, 
if P t2n , P t 3 , and P 2 are known for surfaces A and B, then a unique value of S Weff ± CC Weff exists 
which produces identical M 1 values in both Method I and II calculations. This trait is illustrated in 
figure 16 over a representative Mach number and angle range for a 10° half- angle wedge. The 
Mi j = Mia, i = M 1B j condition is obtained by adjusting the wedge angle of attack, 0C Weff j, using 
Method I for given values of 8 Weff , P t3A , P t2nA , P t3B , and P t2nB . Similarly, the M 1>n = M 1A n = 

Mib.ii condition is obtained by adjusting a corresponding wedge angle of attack, a Weff n (which is 
not necessarily identical to 0C Weff j) using Method II for given values of 8 Weff , P 2A , P t2nA , P 2B , and 
P t2nB . The final M^j = M i n condition is satisfied by varying A8 Weff in equation 1 1 to obtain an 
identical solution for Mi between Methods I and II. 

Since small pressure measurement errors are commonly associated with pressure instrumentation 
(refs. 12-14), Method III may not converge on a Mi m = Mi i = Mj B solution if both Methods I 
and II assume a Weff j = a Weff n and share a common A8 Weff . Therefore, separate and unique values 
for a Weff j and a Weff n must be computed and retained by each respective method to account for the 
measurement discrepancies. Alternately, an Mi m solution can be obtained by employing identical 
a Weff> but distinct 8 Weff , values in the calculations performed for Methods I and II. In the remaining 
discussions, the former approach (CC Weff j =£ a Weff n ) is considered for all data reductions. 

The Method III Mach number computation begins by initially conditioning several of the input 
variables utilized by both Methods I and II. Due to the distance and location of the P t2nA and P t2nB 
pitot probes, relative to the wedge centerline, both freestream normal shock pitot pressures must be 
either averaged or interpolated to obtain a representative freestream pitot pressure in the vicinity of 
the wedge surface pressure instrumentation. 

Starting values for the oblique shock turning angles (S Aeff and S Beff ) must be also provided for 
the Method III calculation process. For convenience, A8 Weff may be initialized to zero (8 Weff = 8 W ). 
Likewise, a Weff j and a Weff n may be both initially equated to a w , or some other model angle of 
attack measured in the same plane and direction as the wedge half-angle. 

Once the appropriate parameters have been initialized, the M 1 balancing process proceeds by 
utilizing the measured P t3A , P t3B , P 2A , and P 2B , as well as the previously described M liter and 0 iter 
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start-up values, to compute the terms in the Method I and II M 1 calculation routines. Residuals from 
the first computation cycle are used to update the iteration variables on the subsequent computa- 
tional cycle. This process is performed repeatedly until the M l in ~ M LI ~ M i n has been obtained. 
The general calculation process for Method III is described in Appendix C, with sample numerical 
calculations given in Appendix D. 


POST-TEST DATA PROCESSING AND ANALYSIS 

Post-test data processing and analysis were performed on an Apple Macintosh PowerPC G3 
computer. The computational algorithms for evaluating the wedge and cone-probe data were 
developed using National Instruments Lab VIEW software, which featured a high-level, graphical 
user interface (GUI) language with built-in analytical functions. Additional data processing was 
accomplished using Microsoft Excel’s spreadsheet and plotting functions. 


TEST SECTION SURVEY RESULTS 


Normal Shock Pitot Pressure Distribution 

Figure 17 shows the settling chamber referenced normal shock pitot recovery distributions at the 
test section vertical centerline (y = 24 in.) and constant horizontal stations (z = 16.24, 19.73 in.) for 
the three Mach number settings. The pressures were mapped from separate P t2nA and P t 2nB measure- 
ments obtained from the multiple wedge orientations depicted in figure 7. Variations in the local 
pitot pressure along the z-direction were greater than the estimated measurement uncertainty 
associated with the wedge pitot and settling chamber pressures. The distributions are indicative of 
the flow nonuniformity within the surveyed region of each respective test section. 


Flow Angularity 

The approach for determining the tunnel upflow, (I, and crossflow, £,, relied on deriving the 
sensitivity of the wedge surface A to B static pressure ratio, P 2 a/P 2 b> t0 a corrected wedge angle of 
attack, CC Wcorr . Since there was greater confidence in the pitch angle (8) measurement accuracy, 
a Wc0 rr was obtained from wedge pitch data runs only ((|) M = 0°, 180°, \\r = 0°). From this set of data, 
the corrected angle of attack was obtained by relating P 2 a/P 2B to the wedge angle of attack, a w , 
defined by: 


— £COS((|)]y[) 

As shown in figure 18, a Wcorr represented the midpoint between upright and inverted 
a w _ P 2 A/P 2 B polars at z = 16.24 in. and z = 19.73 in. for constant P 2 A /P 2 b • An analytical expres- 
sion describing 0C Wcorr (P 2A /P 2 B) for both wedge locations above the test section floor was obtained 
at each Mach number through regression analysis, ji and c, were determined by respectively relating 
8 and \\f to tt Wc orif P 2 .A/P 2 B) f° r eac 'h tunnel Mach number, as depicted in figure 19. The test section 
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flow angle was presumed to coincide with 0C Wcorr (P2A/P2B) = 0° * or we dge articulation in the pitch 
and yaw directions. 

Figures 20 and 21, respectively, show the assumed linear upflow, p(z), and crossflow, £(z), 
distributions extracted from wedge measurements at z = 16.24 in. and z = 19.73 in. at each tunnel 
Mach number setting. UPWT TS 1 exhibited the largest upflow angle of nearly 1.5°. Crossflow 
varied between ±0.2° in both test sections. The magnitudes and trends were in general agreement 
with the nominal tunnel flow angles described in reference 6. 


Mach Number and Pressure Recovery 

In order to compute the freestream Mach number from the wedge pressures, a fourth-order 
polynomial regression was first applied to the normal shock pitot pressure distribution along the 
test section centerline (y = 24 in.), shown in figure 17. This analytical representation describing 
P t 2 n( z )/Pto was use d to interpolate P t2n from wedge position information and tunnel settling chamber 
pressure, P t0 . Values for z were referenced to the wedge leading edge height above the test section 
floor, and determined from z ref (e) in figure 10, together with wedge and sting adapter dimensions. 

Establishing P t2n from the spatial distribution was preferred over the numerical averaging of 
P t 2 nA an( l Pt2nB due to the pressure measurement uncertainty associated with the lateral separation 
distance between the outboard pitot probes and wedge surface instrumentation. As shown in 
figure 22, the analytical P t2n (z)/P t Q distribution gave a better approximation of the normal shock 
pressure within close proximity of the wedge surface static and pitot instrumentation. 

Figure 23 compares the Method I, II, and III Mach numbers with the ideal Mach number 
computed from P t2n (z)/P t Q using equation 5 (assuming perfect recovery, P t i = P t0 ). To preclude 
the introduction of errors associated with flow angularity, the assumed linear distributions were 
constructed from measurements made within ±0.25° of the computed upflow and crossflow angles at 
each wedge position above the test section floor. The Mach gradient for all methods was steepest for 
TS 2 at M set = 2.29, with the Mach number being higher at the survey location closest to the tunnel 
floor. 

Ideally, the test section Mach number should have been identical for all calculation methods at 
all flow conditions. At a tunnel Mach setting of 2.15 in TS 1, the Mach numbers for Methods I, II, 
and III were reasonably close to each other, with the exception of the ideal Mach, which was higher 
than the others, as would be expected. However, the Method I, II, and Ill-computed Mach numbers 
for TS 2 diverged with increasing Mach. At M set = 2.40, the Method I Mach number exceeded the 
ideal Mach value. Excluding the ideal Mach number, the Method III approach was an overall 
compromise between Method I and II results. 

The freestream total pressure recovery, P t |/P t() , computed from the corresponding Mach number 
methods and P t2n (z)/P t0 using equation 5 is shown in figure 24. Similar to the Mach number, linear 
pressure recovery distributions in the z-direction were defined by data within ±0.25° of the com- 
puted tunnel flow angles. The recovery trends reflected the variations in Mach number obtained 
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from Methods I, II, and III. At M set = 2.40, the total pressure recovery computed from the Method I 
Mach number was greater than unity, yielding overshoots on the order of 1 to 1.5%. 


Wedge Measurement Discrepancies 

Figure 25 shows the viscous flow deflection increment, A8 Weff , resulting from the Method III 
calculation process for the various wedge roll orientations as a function of wedge tip position above 
the test section floor. The largest increment is on the order of +0.3° at M set = 2.40. However, at 
Mach number settings of 2.15 and 2.29, the increment is less than zero. A positive wedge half-angle 
increment could be explained as the effective boundary layer displacement on the wedge surface 
sensed by the pressure instrumentation. For negative half-angle increments at the mid and lower 
Mach number settings, other contributing factors must be taken into account. 

One plausible explanation for the observed anomaly considers the Mach number sensitivity to 
wedge surface inclination and pressure measurement errors. The Mach number sensitivity to 
pressure variations is compared between Methods I and II in figure 26. Referring to figure 13, the 
curves are representative of the experimental flow conditions and wedge surface inclinations. The 
sensitivities were obtained by evaluating the governing equations for the Method I and II Mach 
number using central-differencing approximations. 

The Method I Mach number sensitivity to the surface pitot pressure error, (AM|/M |)/(AP t yP t3 ), 
decreases with increasing wedge deflection angle, and is relatively invariant with Mach number at a 
given wedge angle. In contrast, the Method II Mach number sensitivity to the surface static pressure 
error, (AM 1 /M 1 )/(AP 2 /P 2 ), becomes increasingly negative with increasing wedge deflection angle 
and Mach number. The increasing magnitude of the Method II Mach number sensitivity with Mach 
number could explain the method-dependent variations observed in figure 23. 

In general, pitot pressures are less susceptible than surface static pressures to measurement errors 
from instrumentation misalignment or geometry (ref. 12). Static pressures are strongly influenced by 
orifice size, rounding or chamfering, flushness, and hole alignment (ref. 14). Depending on the 
wedge surface inclination and Mach number, such static pressure measurement errors could have 
adversely affected the computed Mach number, possibly accounting for total pressure recoveries 
greater than unity and the negative values of A8 Weff , described above. 

The Method III Mach number calculation technique assumes equal weighting of pressure 
measurement error between the wedge surface static and pitot instrumentation. Determining the 
magnitude of these errors and the proper weighting in the Method III calculations would have 
required additional experimental testing, which was beyond the scope of the test section flow survey 
objectives. 


CONE-PROBE PERFORMANCE COMPARISONS 

Figure 27 shows the static to pitot pressure ratio pitch polars (for taps A and C) for the initial 
16-probe cone-probe rake assembly tested at M set = 2.40 and \\r = 0°. Theoretically, the polar shape 
for each static pressure tap should have been continuous over the entire ±12° pitch range. Successful 
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correlation of the cone-probe angle of attack to the measured pressures was critically dependent on 
this trait. However, it is evident from the figure that probes located near the center of the 4-by-4 
array (probes 2, 3, 6, 7, and 10) had polars which departed from the desired trends, exhibiting erratic 
changes in magnitude between consecutive data points. Similar pressure polar behavior was also 
observed at Mach numbers of 2.15 and 2.29 and in the transverse probe taps, B and D, as well. 
Figure 28 illustrates the relationship between the location of the affected probes and the downstream 
blockage area in the 16-probe rake body. 

Figures 29 and 30 show the static tap pressure polars for the respective 8- and 6-probe rakes at 
M set = 2.40 and \|/ = 0°. Unlike the 16-probe rake, the pressure polar discontinuities were absent 
from the modified rakes at all flow conditions. The shadowgraphs in figure 31 illustrate the 
qualitative differences in the flow structure between the 16-probe rake and the modified rakes at 
various tunnel Mach settings. Although the incident shocks shed by the probe tips in the 16-probe 
rake did not appear to impinge on the pressure-instrumented conical surface between adjacent 
probes, the flow between the probes appeared chaotic and populated by multiple shock reflections 
and waves. Similar qualities were also observed in the 4-by-4 probe array at other Mach numbers 
and rake orientations. In contrast, the incident and reflected shocks from the probe tips on rakes 1 
and 2 were coherent and well-defined. Disturbances which plagued the static pressure taps on the 
16-probe rake were apparently attenuated by the reduced probe density, increased probe length, and 
addition of rake body slots. 


CONE-PROBE CALIBRATION 


Reference Flow Conditions 

The cone-probes were calibrated against the local test section flow distribution derived from the 
wedge measurements in the z-direction. From cone-probe rake dimensions and the relationship 
shown in figure 10, z represented the distance from the test section floor to each probe tip, and was 
determined from z ref (£), together with rake, probe, and sting adapter dimensions. Using this relation- 
ship, the cone-probe measurements could be referenced to the local test section flow angles, (l(z) and 
£(z), Mach number, M|(z), and total pressure recovery, P tl (z)/P t0 , based on the respective linear 
distributions shown in figures 20, 21, 23, and 24. Mj(z) and P tl (z)/P t0 were established from the 
Method III calculation results. The coefficients representing the linear test section flow distribution 
for |i(z), £(z), M|(z), and P tl (z)/P t0 are tabulated in table 1. 

The effective cone -probe angles of attack, a c , and sideslip, (3 C , were calculated from the cosine 
transformation of Euler angles expressed in terms of the known angles (l(z), q(z), e, \| /, and <|> M , 
following the angle convention illustrated in figure 32: 
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( 14 ) 


where 


tana c = 
tan[3 c = 


tan(e + 8 f )cos(|) m 
cos[\|/ - 4(z)] 
tan(e + £ F )sin(|) M 
cos[\|/ - 4(z)] 


- + sin <f) M tan[\|/ - ^(z)] 
-cos<|) M tan[\|/-^(z)] 


tan£ F = tanp(z)cos^(z) 


Compressibility Correlation 

With reference to figure 33, the cone-probe Mach number sensitivity was derived using a 
compressibility parameter, PR T , defined by the average cone-probe static pressure normalized by the 
pitot pressure: 


PR t = 


(P A + P B + P c + P D ) 


4P, 


tY 


(15) 


Figures 34 and 35 show the effect of cone-probe angle of attack and sideslip on the 
compressibility parameter; the trends are similar to those reported in reference 5 for Mach numbers 
near 2.40. To correct for the changes in PR T due to flow angularity at a constant Mach number, the 
compressibility parameter was related to the longitudinal and directional sensitivity parameters, 
PR ac and PR BD , respectively: 


PR AC 


PR 


BD 



(16) 


As defined in figure 33, PR AC represented the probe’s sensitivity to angle of attack, whereas 
PR bd described the probe’s sensitivity to angle of sideslip. By combining these parameters, an 
effective flow inclination parameter, PRacbd- was defined to correlate the probe’s sensitivity to 
combined changes in angle of attack and sideslip: 


PRacbd =(PRAC ! +PRBD 2 f ° 

The compressibility parameter’s relationship to the effective inclination parameter is shown in 
figures 36 and 37 for rakes 1 and 2, respectively, for angles of attack between ±12° and angles of 
sideslip between ±8°. At each test section Mach number setting, the data scatter between PR T and 
PR A cbd differs from probe to probe in both rakes. This behavior was attributed to probe misalign- 
ment (relative to the rake body orientation) and measurement errors associated with static pressure 
orifice asymmetry. Under ideal circumstances, the data points would have collapsed onto a single 
curve for each Mach number. 
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To improve the correlation between the compressibility and inclination parameters described by 
equation 17, the effective inclination parameter was redefined to account for probe misalignment 
effects and pressure tap errors by introducing a corrected inclination parameter, PRACBDcorrT: 


PR 


ACBD corr T 


[PR AC + PR AC biasT 




PR BD + PR BD 5iasT , 


(18) 


PR ACbiasT an( l PR BDbiasT were p, ' as components in the respective cone-probe longitudinal and 
directional sensitivity parameters, and were assumed to be unique for each probe and invariant with 
flow angle at a constant Mach number. For data obtained at a constant M set , these bias terms were 
determined by parametrically adjusting pR ACbiasT an( l PR BDbiasT l n equation 18 until the standard 
deviation for a cubic regression relating PR T to pR ACBDcorrT converged to acceptable levels. The 
analytical expression which was found to yield the least PR T data scatter for all probes took the 
following implicit form: 


PR T - 1 T0 + l T1 x T + l T2 x T + l T3 x T 2 3 , where x T - PR A cbDcoitT pr T 7 (19) 

Since data irregularities were present at extreme angles of attack and compromised the overall 
quality of the regression, the numerical analysis was limited to cone-probe angles of attack and 
sideslip within ±8°. Curves of PRT(PRACBDcorrT) obtained from the PRACbiasT and PRBDbiasT 
iteration using equation 19 are shown in figures 38 and 39 for rakes 1 and 2, respectively. 

Once the compressibility parameter had been correlated to the corrected inclination parameter, 
the effects of flow angularity was established. Referring to figure 40, the offset coefficient, 1 T0 , in 
equation 19 defined the fundamental compressibility parameter, PR T() , which was assumed to be 
invariant with flow angularity and dependent only on Mach number. The remaining higher order 
terms represented the flow angularity increment, APR T , to the fundamental compressibility 
parameter. After rearranging and substituting terms in equation 19, the fundamental compressibility 
parameter was expressed as: 


PRto — P Rj - \ P R | — PR r — ( 1 ■ | ■ | \ ■ j ■ + 1 |' t X ] ■ + 1| ;X |' ) (20) 

Since the cone-probes had been calibrated at three separate tunnel Mach number settings (2.15, 
2.29, and 2.40), three corresponding values of PR T0 were obtained for each cone -probe to express 
PR ACbiasT’ PR BDb,asT- J TP ] T2> and ] T3 as quadratic functions of PR X0 : 

2 

PR ACbiasT = JTO + JTl PR T0 + JT2 PR T0 

PR BDbiasT = ^TO + ^Tl PR T0 + ^T2 PR T0 

2 

1^1 = HIto IDL'pi PR/yO m T2 PP-T0 

2 

1 T2 = n T0 + n T1 PR to + n T2 PRto 

2 

1 T3 = q T0 + q T1 PR to + q T2 PRto 
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The second-order coefficients for PRACbiasT’ P R BDbiasT’ 1ti> 't 2- an d 1x3 are listed in tables 2 
and 3 for rakes 1 and 2, respectively. 

By assuming that PRACbiasT’ P R BDbiasT’ In* 1 t 2> an( i 1 t3 were solely dependent on PR T0 for each 
probe, PRjo was determined by numerically solving the resulting implicit relation in equation 20: 

PRy — ( 1 - 1 ■ | x - 1 ■ + f j i X - [ + 1|3 X | ) — PR to — 0 (21) 

A sample calculation for PR T0 I s included in Appendix E. 


Mach Number Correlation 

The Mach number was correlated to the cone-probe pressures following the general method 
employed in reference 5, which expressed the Mach number as an empirical function of the 
compressibility parameter at zero flow incidence. Consequently, Mj(z) was explicitly derived as a 
function of the fundamental compressibility parameter to eliminate the effects of flow angularity. 
Since the calibration data was obtained at Mach numbers of 2.15, 2.29, and 2.40, the correlation 
accuracy was dependent on the analytical relationship between Mj(z) and PR T0 . From conical shock 
relations provided reference 11, values for the freestream Mach number were computed for a 40° 
cone as a function of the theoretical PR T0 t0 extrapolate for conditions beyond the experimental 
Mach number range. A polynomial regression of the collective data set containing both experimental 
and supplemental data expressed the calibrated cone-probe Mach number, M 1Ccal , as a fourth-order 
polynomial function of the fundamental compressibility parameter: 

M lCcal = C M0 + C M1 PRto + Cm 2 P r to"+ Ovd pr to + Ovt4 pr to 4 (22) 

The coefficients derived for M 1Ccal are listed in table 4 for both cone -probe rakes. 

Figures 41 and 42 illustrate the analytical Mach number dependency on the fundamental 
compressibility parameter for rakes 1 and 2, respectively. The two-standard deviation, 2o(M 1Ccal ), 
calculated from the residuals between M 1Ccal and Mj(z) is shown in figures 43 and 44 for rakes 1 
and 2, respectively. This statistic was a general measure of the cone-probe Mach number resolution, 
rather than an indicator of the absolute Mach number calibration accuracy. The calibrated Mach 
number residuals were within a 2a(M 1Ccal ) of ±0.01 for Mach numbers above 2.29. Probes 5 and 6 
on rake 1 and probe 3 on rake 2 exhibited higher M 1Ccal deviations at M set = 2.15 over the ±8° angle 
of attack and sideslip range. 


Total Pressure Correlation 

Figures 45 and 46 show the effect of cone-probe angle of attack and sideslip on the 
compressibility parameter; the trends are similar to those reported in ref. 5 for Mach numbers near 
2.40. Similar to the compressibility parameter, the cone -probe pitot pressure, P tY , was correlated to 
PR A cbd t0 represent the variation with flow angularity. Figures 47 and 48 show the pitot pressure 
variation with the effective inclination parameter for rakes 1 and 2, respectively, at constant tunnel 
Mach numbers. The data scatter was considered an artifact of both probe misalignment and 
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measurement error due to probe inclination to the mean flow direction. This behavior has been 
observed for sharp-edged pitot probes with conical tips (ref. 13). 


To improve the correlation between the pitot pressure and inclination parameter, an effective 
inclination parameter, PRacbdcoitY’ was introduced to correct for probe misalignment effects and 
flow angularity at a constant Mach number: 


PR 


ACBD corr Y 


(23) 


The relationship between P tY and PRacbdcoitY was based on the model presented in figure 49. 
The pitot pressure variation was expressed in terms of AP tY /P tY , which analytically described the 
deviation from the maximum pitot pressure due to flow inclination at constant Mach number. As in 
the compressibility parameter correlation, PRACbiasY an d PRBDbiasY were the bias offsets 
complementing the respective cone-probe longitudinal and directional sensitivity parameters, and 
accounted for the P tY data scatter with flow inclination at a constant Mach number. For data 
obtained at a constant M set , these bias terms were determined for each cone-probe by parametrically 
adjusting PRACbiasY ar| h PRBDbiasY ' n equation 23 until the standard deviation for a cubic regression 
relating AP tY /P tY to PRacbdcoitY converged to within acceptable levels. The cubic relationship took 
the following form: 

AP tY /PtY = 'yo + 1yi x y + 1y2 x y + 'y 3 x Y ' where x Y = PRacbdcoitY (24) 

For each iteration cycle, AP tY /P tY was determined from a separate cubic regression of 
P tY (PRACBDcorrY) : 

P tY = ^YabsO + ^Yabsl x Y + lYabs2 x Y + lYabs3 x Y (25) 


From this expression, P tYmax , the maximum value of P tY (PR ACBDcorrY ) f°r x y - 0- was 
determined; for positive, real values of x Y , P tYmax was derived by solving equation 25 for x Ymax 
which yielded the maximum P t Y(PRACBDcorrY) : 


X Y 

1 max 


^Y a bs2 


1 2 - 31 1 

Y a bs2 Y a b s i Y a ^ s j 


31 


Y a bs3 


(26) 


Then 


PtYmax ^YabsO ^ Yabs I X Ymax ^Yabs2 X Ymax 


+ ^Yabs3 X Ymax 


Otherwise, P t Ymax = VabsO f° r non-real or negative values of x Y . Once P t Ymax was computed, 
AP tY /P tY could be calculated to evaluate equation 24: 


AP tY /PtY - P tYmax /P tY _ 1 


(27) 
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Similar to the PR T analysis, the analysis of AP tY /P t Y(PRACBDcorrY) an d PtYmax was limited to 
nominal cone-probe angles of attack and sideslip within ±8°. Curves of P tY /P t o(PRACBDcorrY) 
resulting from the converged solution of equation 24 are shown in figures 50 and 5 1 for rakes 1 
and 2, respectively. 

To account for compressibility effects, PRACbiasY’ PRBDbiasY’ 1 yo> 'yi- 1y 2> an( i 1 y 3 were 
expressed as analytical functions of PR T0 for each probe. Since the cone-probes were calibrated at 
three separate tunnel Mach numbers (2.15, 2.29, and 2.40), PRACbiasY' PRBDbiasY’ 1 yo> 'yi- 1y 2> anc l 
1 Y3 were related to the three corresponding values of PR T() using a second-order polynomial function 
obtained through regression analysis: 

P R ACbiasY = jYO + j Y I P R T0 + Jy 2 P R T0 
P R BDbiasY = k Y0 + k Yl P R T0 + k Y2 P R T0 

1 Y q = oi yo + oi Y | PR to + m Y 2 PRto 
1 Y i = n Y0 + n Y i PRto + n Y2 P r to 
1y2 = c 1yo + c 1yi PRto + c lY2 PRto 
1y 3 - r Y0 + r Yl P R T0 + r Y2 P R T0 

The second-order coefficients for PRACbiasY’ PRBDbiasY’ 1yo> 1yd 1y 2> an( l 1 y3 resulting from the 
minimization of AP tY /P tY (PR ACBDcorrY ) al cac h Mach number are listed in tables 5 and 6 for 
rakes 1 and 2, respectively. 

Once the flow inclination correction had been obtained, the corrected pitot pressure, P tYc orr’ was 
equated to P tYm ax an( l solved by combining equations 24 and 27 : 

PtYcorr = (1 + 'yO + ^Y1 X Y + 1y2 x Y~ + h^Xy^t Y (28) 


From P t Ycorr an< 2 the explicit relation for M 1Ccal given in equation 22, the calibrated cone-probe 
freestream total pressure, P t ic C al’ was calculated from the one-dimensional normal shock equation: 


P = P 

BCcal tYcorr 


f M lCc al 2+5 l 

2 

f 7M lCca. 2 -0 

l 6M lCcal 2 j 


l 6 J 


(29) 


The two-standard deviation, 2o(P tlCcal /P t0 ), of the residuals between the calibrated cone-probe 
total pressure recovery, P t | cca/PtO an d the reference test section total pressure recovery distribution, 
P tl (z)/P t0 , is depicted in figures 52 and 53 for rakes 1 and 2, respectively. This statistic was a general 
measure of the correlation’s ability to resolve the freestream total pressure, rather than an indicator 
of the absolute total pressure calibration accuracy. The calibrated total pressure recovery residuals 
were typically within a 2o(P tlCca i/P t0 ) of ±0.01 (±1% of the settling chamber pressure) for Mach 
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numbers above 2.29. On most probes, the deviation between the cone -probe and wedge-surveyed 
freestream pressure recovery remained relatively invariant with probe angle of attack and sideslip. 
Probes 5 and 6 on rake 1 and probes 1 and 3 on rake 2 exhibited higher P t icca/l\o deviations at 
M set = 2.15 over the ±8° angle of attack and sideslip range. 


Angle of Attack Correlation 

Due to the size and arrangement of the probes in the rake assembly, the actual angle of attack for 
each cone-probe could not be directly measured with sufficient accuracy. For simplicity, the angle of 
attack for each probe was referenced to its effective angle of attack, a c . Since any probe misalign- 
ment relative to the a c reference datum was most likely to be small, any probe offset angle in the 
pitch direction would presumably appear as a bias error in the cone-probe pressures. Referring to 
figure 32, a c was approximately proportional to the longitudinal sensitivity parameter, PR AC . This 
observation is illustrated in figures 54 and 55 for rakes 1 and 2, respectively, at a nominal angle of 
sideslip of 0° and tunnel Mach number of 2.40. Similar trends were exhibited at other Mach 
numbers as well. 

To avoid increased fit errors from data irregularities at higher angles, the cone -probe angle of 
attack analysis was limited to data within a model pitch range of ±8°. From this reduced data set, the 
calibrated cone -probe angle of attack, a Ccal , was analytically correlated to the measured cone-probe 
pressures in the following manner: 


«Ccal = aO- A «B- A a C orr (30) 

The first term on the right side of equation 30 represented the linear variation of the effective 
cone-probe angle of attack with the longitudinal sensitivity parameter. a 0 was derived from the 
regression of a c with PR AC at a nominal () c of zero for each tunnel Mach number setting: 


a o - a o + a i PR AC (31) 

The second term in equation 30 corrected for probe angle of attack variations due to crossflow. 
For each data run at a nominally constant \|/, Aa B was determined from a fourth-order polynomial 
regression relating (a c - a 0 ) to PR AC at a constant M set : 

Aa B = a c - a 0 = b 0 + b 1 PR AC + b 2 P PR AC ~+ b 3 PR AC 3 + b 4 PR A c 4 (32) 

Since PR BD was assumed to be nearly invariant with angle of attack, each coefficient in 
equation 32 was correlated to the average directional sensitivity parameter, PR Br) . lvg , using a sixth- 
order regression of the form: 

bj = c 0i + c n PR BD avg + c 2i PR BDavg 2 + c 3i PR BDavg 3 + c 4i PR BDavg 4 + c 5i PR BDavg 5 

+ c 6i PR BDavg 6 (33) 


where i = 0 to 4 
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For each cone-probe, PR B Davg was computed at a nominally constant V | f for each tunnel Mach 
number condition. 

The last term in equation 30 corrects for any residuals resulting from the a c , a 0 , and Aa B 
relationship with PR AC at a constant M set : 

^ a corr =a 0~ a C~ Aa B = ^0+ diPR AC + d 2 PR A c + ^3 PR AC 3+ d 4 PR A c (34) 

To capture the a c sensitivity to Mach number, the a, c, and d coefficients obtained at each of the 
three tunnel Mach numbers (2.15, 2.29, and 2.40) were analytically related to the corresponding 
values of PR to using a quadratic function obtained from regression analysis: 

a 0 = Q>,a0 + C i ,a() P R T0 + Q.aO P R T0" 
a l = C o,al + C i,al P R T0 + c 2,al P R To" 

c 0i = C 0 ,cO + Ci, c0 P R T0 + C 2 , C () P R T0" 
c ii = C 0; ci + C ljCl PR to + Q>,ct P r to" 
c 2i = 0>, C 2 + C [ jC 2 PRto + Q, C 2 P r to" 

c 3i = Q,c3 + Ci ; c3 P R T0 + C 2 ,c3 P R T0" 

C41 = C 0;C4 + C 1>c4 PRto + C 2;C 4 PRto" 

c 5i = 0>,c5 + Ci ;C 5 P R T0 + 0>,c5 PR T0" 

c 6i = Q),c6 + Ci ; c6 PRto + C 2 ,c 6 P R T0" 
do = Q.do + Ci,do P r to + C 2 , d0 PRto" 
di = C 0 dl + C 1>dl PRto + Q, d t PRto" 

^2 = Q,d2 + Q,d2 P R T0 + C 2jd 2 PR T0" 

^3 = 0>,d3 + C|,d3 P R T0 + Q,d3 PRto" 
d 4 = C 0 d4 + Cj >d4 PRto + C 2 , d4 PRto" 

The second-order coefficients for a, c, and d are listed in tables 7 and 8 for rakes 1 and 2, 
respectively. 

The two-standard deviation, 2o(a Ccal ), calculated from the residual between a Ccal and a c is 
shown in figures 56 and 57 for rakes 1 and 2, respectively. Similar to the Mach number and total 
pressure results, this statistic was a general measure of the correlation method’s ability to resolve the 
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cone-probe angle of attack, rather than being an indicator of the absolute angle of attack calibration 
accuracy. Over the ±8° angle of attack and sideslip range, the effective cone-probe angle of attack 
residuals were within a 2a(a Cca i) of ±0.1°. For most probes, the deviation between the calibrated 
cone-probe angle of attack and a c remained relatively invariant with probe angle of attack and 
sideslip. Most excursions from this trend occurred at the extreme probe attitude angles and at the 
tunnel Mach number setting of 2.15. 


Angle of Sideslip Correlation 

Similar to the angle of attack correlation, the angle of sideslip for each cone-probe was 
referenced to the effective angle of sideslip, p c . As a consequence, any probe misalignment in the 
yaw direction would appear as a bias error in the local cone-probe pressures. Referring to figure 32, 
P c was nominally proportional to the directional sensitivity parameter, PR BD . This observation is 
illustrated in figures 58 and 59, which are the respective cross-plots of figures 54 and 55 for rakes 1 
and 2 at a nominal angle of attack of 0° and tunnel Mach number of 2.40. Similar trends were also 
obtained at other Mach numbers. 

To avoid increased fit errors from data irregularities at higher angles, the cone -probe angle of 
sideslip analysis was limited to data within a model pitch range of ±8°. From this reduced data set, 
the calibrated cone-probe angle of sideslip, Pc'cal- was analytically correlated to the measured cone- 
probe pressures in the following manner: 


Pecal - Po “ ^Pa ~ APcorr 


(35) 


The first term on the right side of equation 35 described the linear variation of [i c with PR BD . 
p 0 was derived from the regression of P c with PR BB) at a nominal angle of attack of zero for each 
tunnel Mach number condition: 


Po - e o + e i PR BD (36) 

The second term in equation 35 corrected for probe angle of sideslip variations due to angle of 
attack. Ap A was determined from a fourth-order polynomial regression relating (P c - P 0 ) to PR BD at 
a constant M set and angle of attack: 


APa - Pc ~ Po - f(J + fl PR BD+ f 2 PR BD + f3 PR BD + f4 PR BD (37) 

Since PR AC was assumed to be nearly invariant with angle of sideslip, each coefficient in 
equation 37 was correlated to an average longitudinal sensitivity parameter, PR A cavg’ using a sixth- 
order regression of the form: 

= g0i + gli PR ACavg + g2i PR ACavg 2 + §3i PR ACavg 3 + g4i PR ACavg 4 + §5i PR ACavg 5 

+ g6i PR ACavg 6 (38) 


where i = 0 to 4 
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For each cone-probe, PRACavg was computed at a nominally constant £ for each tunnel Mach 
number condition. 

The last term in equation 35 corrected for any residuals, which resulted from relating (3 C , (3 0 , 
and Ap A to PR BD at a constant tunnel Mach number: 

APcorr = Po _ Pc _ ^Pa = V 1- hlP R BD+ h2 PR BD + I^PRed + h 4 PR BD (39) 

To capture the (l c sensitivity to Mach number, the e, g, and h coefficients obtained at each of the 
three tunnel Mach numbers (2.15, 2.29, and 2.40) were analytically related to the corresponding 
values of PR to using a quadratic function obtained from regression analysis: 

e 0 = Co,eO + C I ,e() P R T0 + C 2 ,e0 P R T0" 
e l = Q),el + Q,el PRto + C 2 ,el P r to" 

§oi = Q, g o + c lfg0 PRto + Q, g o P r to" 

§ii = Q), g i + Ci,gi PR to + Q, g i P r to" 

§2i = C 0 ,g 2 + C lg2 PRto + C 2 , g 2 P r to" 

§3i = 0>, g 3 + Ci, g 3 pr to + C 2;g 3 PRto" 

§4i = Q,g4 + Q, g 4 PRto + C 2 , g 4 PRto" 

§5i = C 0 ,g5 + Ci ;g 5 PRto + 0>,g5 PR T0~ 

§6i = C 0 ,g6 + Ci ;g 6 PRtO + Q,g6 PR T0" 

ho = C 0 ,ho + Q,ho pr to + C 2; ho P r to" 
hi = C 0 , h i + Cj hl PR to + C 2 , h i PPto" 

h2 = C 0 ,h2 + Q,h2 P R T0 + C 2 ,h2 PR T0" 
h3 = C 0 h3 + C Ul3 PR X0 + C 2 h3 PRto" 

h4 = C 0 ,h4 + C 1; h4 P R T0 + Q,h4 PR T0 2 

The second-order coefficients for e, g, and h are listed in tables 9 and 10 for rakes 1 and 2, 
respectively. 

The two-standard deviation, 2o([3 Ccal ), calculated from the residuals between [3 Ccal and () c is 
shown in figures 60 and 61 for rakes 1 and 2, respectively. As with the other cone-probe parameters, 
this statistic quantified the angle of sideslip resolution for the correlation method, rather than serving 
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as a measure of the absolute angle of sideslip calibration accuracy. Over the ±8° angle of attack and 
sideslip range, the effective cone-probe angle of sideslip residuals were within a 2a([3 Ccal ) of ±0.1°. 
The deviation between the calibrated cone-probe angle of sideslip and () c remained relatively 
invariant with probe angle of attack and sideslip on both rakes. Most excursions from this 
observation occurred at the extreme probe attitude angles. 


UNCERTAINTY ANALYSIS 


General Measurement Accuracy 

Performing a comprehensive, end-to-end uncertainty analysis for each instrument and data 
acquisition process was essentially impractical. Instead, reasonable engineering judgments were 
made as to which measurement variables were most likely have a significant impact on the test 
section flow survey and cone -probe calibration quality. In many circumstances, various quality and 
control procedures were instituted prior to and during wind tunnel testing to ensure experimental 
deviations were within acceptable limits. Calibration information and test data pertaining to the 
dominant error sources were evaluated for propagating the measurement uncertainties into the 
computed results. Instrument and calibration working standard accuracies were estimated from 
UPWT installed calibration results and archived Langley metrology data. Comparisons with the 
manufacturer’s specifications were made to assess the short-term accuracy and long-term stability of 
the measurement device, relative to the duration of each particular wind tunnel test entry. In all 
cases, the most conservative (highest uncertainty) figures were assumed in the analyses. 

Uncertainties were estimated at the 95% confidence level, following the methods established in 
refs. 14-16. The total measurement uncertainty was expressed as the root-sum-square (RSS) of the 
bias and precision limits. Where applicable, correlated bias limits were included for measurement 
variables and computed parameters sharing common data paths or reference sources. A coverage 
factor of 2 was applied in estimating the precision limits for each independent measurement 
variable. Partial derivatives involving complex, implicit equations or recursive algorithms were 
evaluated using second-order accurate, central-difference approximations; the computational 
stepsizes were evaluated and selected to avoid numerical round-off errors, while minimizing the 
approximation error due to truncation (ref. 17). 

Table 1 1 summarizes the estimated uncertainty for the measurement devices employed for both 
wedge and cone -probe tests. The tabulated results are limited to the static (wind-off) performance of 
the data acquisition devices and equipment. The estimates exclude errors associated with dynamic 
phenomena typically experienced during actual wind-on testing, such as flow unsteadiness, heat 
transfer, and vibration. The effects of pressure tubing delay time on sampling duration, gravimetric 
pressure variations (due to transducer elevation above/below test article) and leakage during test 
section depressurization were also neglected from these estimates. 
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Test Section Flow Angularity Uncertainties 


The test section upflow uncertainty, U^, was estimated from a combination of the regression 
residuals produced by the £-a Wcorr relationships (shown in fig. 19) and the measurement uncertainty 
of £. Figure 62 shows the overall data scatter about the analytical expression for £(a Wcorr ), with the 
error bars representing the total uncertainty in £ based on the static performance of the Q-flex 
accelerometer. Within ±0.5° of the presumed local upflow direction, was estimated to be ±0.05° 
in the surveyed region of each test section for all Mach number settings. Since the wedge was 
repeatedly tested at selected conditions, the random deviations represent the short- and mid-term 
data repeatability. Compared to the size of the error bars, the relatively larger data scatter indicates 
the upflow uncertainty comprised mostly wind-on data precision error. 

Similar to the upflow uncertainty, the test section crossflow uncertainty, U^, was estimated from 
a combination of the regression residuals resulting from the \|/-a Wcorr correlation (shown in fig. 19) 
and the measurement uncertainty of \|/. Figure 63 shows the deviations about the analytical function 
for \|/(a Wcorr ), with the error bars representing the total uncertainty in \\t based on the static perfor- 
mance of the tunnel strut yaw mechanism. Within ±0.5° of the presumed local crossflow direction, 

was estimated to be ±0.12° in the surveyed region of both test sections for all Mach number 
settings. In contrast to the upflow error, the static measurement uncertainty for \)/ dominated the 
wind-on measurement precision error, as characterized by the relative difference in magnitudes 
between the error bars and the data scatter. 


Test Section Mach and Recovery Uncertainties 

The test section Mach number uncertainty (U M1 ) and total pressure recovery uncertainty 
(Uptypto) were estimated from the residuals about their respective linear distributions, shown in 
figures 23 and 24. The propagation of the wind-off pressure measurement bias and precision limits 
into the Method III Mach number computation algorithm were included. 

Figure 64 shows the Method III Mach number deviation about the presumed linear distribution, 
with error bars representing the computational variations resulting from the pressure measurement 
uncertainties. For data acquired at wedge orientations within ±0.25° of the presumed local upflow 
and crossflow directions, U M1 was estimated to be ±0.005 in the surveyed region of each test section 
for all Mach number settings. The comparable size of the error bars and data scatter indicates the 
Mach number uncertainty was equally composed of both wind-on measurement precision and 
calculation errors. 

Figure 65 shows the total pressure recovery scatter about the presumed linear distribution, with 
error bars representing the computational variations resulting from the pressure measurement 
uncertainties. For data acquired at wedge orientations within ±0.25° of the presumed local upflow 
and crossflow directions, U Ptl/ p t0 was estimated to be ±0.01 (±1% of P t0 ) in the surveyed region of 
each test section for all Mach number settings. Unlike the Mach number uncertainty, the total 
pressure recovery uncertainty was dominated by calculation errors arising from the propagated 
pressure measurement uncertainties. 
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Although disparities existed between the Method I and II Mach number and total pressure 
recovery results, these deviations were excluded from the uncertainty analysis, since they were 
by-products of the interim solutions leading to the Method III results. Uncertainties from wedge 
pitot and static pressure measurement errors resulting from probe and orifice geometry were also 
neglected from the analyses, since these effects could not be quantified without additional 
experimental work. 


Cone-Probe Mach Number and Pressure Recovery Uncertainties 

The absolute uncertainty of the calibrated cone-probe Mach number (U Mlc ) was estimated from 
the M 1Ccal correlation residuals, the uncertainty of the reference Mach number (U M1 ), and the 
uncertainty resulting from the propagation of the wind-off bias and precision limits into the M 1Ccal 
calculations. U Mlc was estimated as the sum of 2o(M 1Ccal ) and the RSS of U M1 and a statistic 
representing the nominal M 1Ccal calculation uncertainty. The latter term was expressed as the sum of 
the average and two-standard deviation of the calculation uncertainties computed from all data 
points contained within a prescribed cone-probe angle of attack and sideslip range. 

The variation of U Mlc over selected ranges of cone-probe angles of attack and sideslip is 
presented in figures 68 and 69 for rakes 1 and 2, respectively. For many probes, the calculation 
uncertainty accounted for the majority of U Mlc , and was primarily due to the sensitivity of PR T0 and 
Miccai to small cone -probe pressure changes. The absolute uncertainty in the calibrated cone -probe 
Mach number generally increased with increasing Mach number, typically ranging from ±0.01 to 
±0.04 for both rakes. 

Similar to the Mach number uncertainty, the absolute uncertainty of the calibrated cone-probe 
total pressure recovery (Up tlc/ p t0 ) was estimated from correlation residuals for PtiCca/^tO’ the 
uncertainty of the reference test section total pressure recovery (U Ptl /p t0 ), and the uncertainty 
resulting from the propagation of the wind-off bias and precision limits through the P ti Cca/^to 
calculation process. U Ptlc/Pt0 was estimated as the sum of 2o(P tlCcal /P t0 ) and the RSS of U Ptl/Pt0 and 
a statistic representing the nominal P t icca/^t 0 calculation uncertainty. The last uncertainty compo- 
nent was the sum of the average and two-standard deviation of the calculation uncertainty computed 
from all data points contained within a prescribed cone-probe angle of attack and sideslip range. 

The variation of Up tlc/Pt0 over selected ranges of cone-probe angles of attack and sideslip is 
shown in figures 68 and 69 for rakes 1 and 2, respectively. For all probes on both rakes, the 
calculation uncertainty accounted for nearly all of U Ptlc/Pt0 , and was approximately an order of 
magnitude greater than the correlation resolution defined by 2o(P tlCcal /P t0 ). The relatively large 
P t | Cca/^to calculation uncertainty resulted from the accumulation of ESP system measurement errors 
in the calculation of PR T0 , M 1Ccal , and P t Y CO rr The contribution of the P t0 measurement uncertainty 
to U Ptlc/Pt0 was relatively insignificant compared to the ESP system effect. The cone-probe total 
pressure recovery accuracy generally decreased with increasing Mach number, typically ranging 
from ±0.03 to ±0.1 (±3% to ±10% of P t0 ) for both rakes. 
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Cone-Probe Flow Angle Uncertainties 


The absolute uncertainty of calibrated cone -probe angle of attack (U ac ) was derived from the 
sum of 2a(a Ccal ) and the RSS of the a c uncertainty and a Ccal calculation uncertainty resulting from 
the propagation of the wind-off bias and precision limits through the a Cca | calculation process. The 
a c uncertainty was obtained from the RSS of the bias and precision limits determined from equa- 
tion 14. The variation of U ac over selected ranges of cone-probe angles of attack and sideslip is 
presented in figures 70 and 71 for rakes 1 and 2, respectively. At moderate angles of attack and 
sideslip, U ac was typically invariant with Mach number, and ranged between ±0.1° and ±0.25°. 

The calibrated cone-probe angle of sideslip total uncertainty (Up c ) was derived from the sum of 
2a(P Ccal ) and the RSS of the [i c uncertainty and the [3 Ccal calculation uncertainty resulting from the 
propagation of the wind-off bias and precision limits through the |3 Ccal calculation process. The (i c 
uncertainty was estimated by computing the RSS of the bias and precision limits from equation 14. 
The variation of Up c over selected ranges of cone-probe angles of attack and sideslip is presented in 
figures 72 and 73 for rakes 1 and 2, respectively. At moderate angles of attack and sideslip, Up Ccal 
was typically invariant with Mach number, and ranged between ±0.1° and ±0.2°. 


CONCLUSIONS 

A series of experimental investigations were conducted at the NASA Langley UPWT to calibrate 
cone-probe rakes for measuring the flow field on 1-2% scale, high-speed wind tunnel models 
between Mach 2.15 and 2.4. Reference conditions were established from test section flow measure- 
ments using a 10° supersonic wedge probe. All testing was performed at a constant Reynolds 
number per foot and humidity level. 

The measured test section flow angularity was comparable to angularity measurements reported 
in previous UPWT calibration efforts. Three methods were used to calculate the freestream Mach 
number from wedge pressure measurements. The methods accounted for stagnation pressure losses 
between the tunnel settling chamber and test section. Method-dependent differences increased with 
test section Mach number, with Method III yielding the best compromise in Mach number and 
pressure recovery among the various methods. Testing a different wedge probe featuring a steeper 
half-angle than 10° would significantly reduce the Method I Mach number sensitivity to wedge 
surface pressure and inclination perturbations between Mach 2 and 2.5, but would aggravate the 
Method II Mach number sensitivity to similar effects over the same Mach range. 

Two successful cone-probe rake assemblies were developed from an earlier 16-probe rake 
assembly that exhibited irregular pressure variations with flow incidence. Probe density and 
channel-flow blockage effects were found to have a profound impact on rake design and cone-probe 
data quality. Analytical expressions were developed to correlate cone -probe pressures to the refer- 
ence flow conditions established from the test section flow surveys using the wedge probe. Recur- 
sive calculation techniques were required to establish the effect of compressibility and flow 
angularity on the measured flow parameters. The correlation algorithms resolved Mach number, 
pressure recovery, and flow angle to within ±0.01, ±1% and ±0.1°, respectively, for cone-probe 
angles of attack and sideslip between ±8°. 
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An uncertainty analysis was performed to estimate the absolute uncertainty of the test section 
flow survey and cone -probe calibration at the 95% confidence interval. UPWT test section upflow, 
crossflow, Mach number, and total pressure recovery had respective uncertainties of ±0.05°, ±0.12°, 
±0.005, and ±1% (of tunnel settling chamber total pressure). Cone -probe angles of attack and 
sideslip were accurate to within ±0.25° and ±0.2°, respectively. The calibrated cone -probe Mach 
number and total pressure uncertainty levels, respectively, varied from ±0.01 to ±0.04 and ±3% to 
±10% (of tunnel settling chamber total pressure), generally increasing with Mach number on most 
probes. The estimated uncertainty for each of the calibrated cone-probe flow quantities in both rake 
designs was affected by the propagation of measurement errors into the calculated flow variables. 
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APPENDIX A 


METHOD I MACH CALCULATION 

All angles are in units of radians. 

A. Iterate on cotS to solve for 0 

Step 1: calculate (cot8) iter by substituting M liter for M and 0 iter for 0 in Eqn. 3 

Step 2: calculate the cotS residual, ERR(cotS) = 1 - (cot8) iter /cotS 

Step 3: if IERR(cotS)| > 10 6 , update 0 iter to 0 iter = 0 iter - 0.01*ERR(cotS) and repeat Steps 1-2 
by substituting the last updated value for 0 iter on each successive iteration cycle 

B. Iterate on P t 3 /P t 2 n to solve for M 1 (from Eqn. 2) 

Step 4: solve for M 2 i ter by substituting M liter for M and the updated 0 iter (from Step 3) for 0 in 
Eqn. 2 

Step 5: calculate (P t 3/P t 2n)iter by substituting M liter for M 1 and M 2 i ter for M 2 in Eqn. 8 

Step 6: calculate the P t 3 /P t 2 n residual, ERR(P t3 /P t 2 n ) = 1 - (P t 3 /P t 2 n )i ter /(P t 3 /P t 2 n ) 

Step 7: if IERR(P t3 /P t2n )l > 1 0 6 , update M liter to M liter = M liter + ERR(P t3 /P t 2 n ) and repeat 

Steps 4-6 by substituting the last updated values for M liter and 0 iter on each successive 
iteration cycle 

C. Iterate on M 2 2 sin 2 (0 - 8) to solve for M 1 (from Eqn. 6) 

Step 8: calculate the left-hand side (LHS) of Eqn. 6 by substituting the last updated value for 
M 2 iter (from Step 4) for M 2 and 0 iter (from Step 3) for 0 

Step 9: calculate the right-hand side (RHS) of Eqn. 6 by substituting the last updated value for 
M liter (from Step 7) for M 1 and 0 iter (from Step 3) for 0 

Step 10: calculate the Eqn. 6 residual, ERR(Eqn. 6) = 1 - LHS(Eqn. 6)/RHS(Eqn. 6) 

Step 1 1: if IERR(Eqn. 6)1 > 1 0 5 , update the value of M liter prior to Part B to M liter = M liter - 

ERR(Eqn. 6) and repeat Steps 1-10 by substituting the last updated values for M liter and 
0 iter on each successive iteration cycle 

Once a solution has been reached at Step 11, equate M 1 = M liter . 
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APPENDIX B 


METHOD II MACH CALCULATION 

All angles are in units of radians. 

A. Iterate on cotS to solve for 0 

Step 1: calculate (cotS) iter by substituting M liter for M 1 and 0 iter for 0 in Eqn. 3 

Step 2: calculate the cotS residual, ERR(cotS) = 1 - (cot8) iter /cotS 

Step 3: if IERR(cot8)| > 10 6 , update 0 iter to 0 iter = 0 iter - 0.01*ERR(cotS) and repeat Steps 1-2 
by substituting the last updated value for 0 iter on each successive iteration cycle 

B. Iterate on P t 2 n /P 2 to solve for M | 

Step 4: calculate (P t 2i/P2)iter by substituting M liter for M 1 and the updated 0 iter (from Step 3) for 
0 in Eqn. 7 

Step 5: calculate the P^/Pi residual, ERR(P t2n /P 2 ) = (Pt^i/fS liter _ Pt2i/^2 

Step 6: if IERR(P t2n /P 2 )l > 1 0 \ update M liter to M liter = M liter - 0.1*ERR(P t2n /P2) and repeat 
Steps 1-5 by substituting the last updated values for M liter and 0 iter on each successive 
iteration cycle 

Once a solution has been reached at Step 6, equate M 1 = M liter . 
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APPENDIX C 


METHOD III MACH CALCULATION 

All angles are in units of radians. 

A. Iterate on a Weff j to solve for M 1A I = M 1B j = Mj j 

Step 1: calculate S Aeff by substituting A5 Weff and a Weff j into Eqn. 12 

Step 2: calculate S Beff by substituting A8 Weff and a Weff j into Eqn. 13 

Step 3: calculate M 1A j by substituting S Aeff for 8 and P t2n for P t2n , then performing Steps 1-1 1 
of the pitot-pitot method (Method I) until a solution is obtained 

Step 4: calculate M 1B j by substituting 8 Beff for 8 and P t2n for P t2n , then performing Steps 1-1 1 
of Method I until a solution is obtained 

Step 5: calculate the Mj j residual, ERR(M 1 j) = M 1A j - M 1B j 

Step 6: if IERRIMl j)| > 1 0 \ update a Wcff[ to a Weff j = a Weff j - 0.1*ERR(M 1 j) and repeat 
Steps 1-5 by substituting the last updated values for M liter , 0 iter and a Weff j on each 
successive iteration cycle; otherwise, set Mj j= M 1AI 

B. Iterate on a Weff n to solve for M 1A n = M 1B n = M ] n 

Step 7: calculate S Aeff by substituting A8 Weff and 0C Weff n into Eqn. 12 

Step 8: calculate S Beff by substituting A8 Weff and 0C Weff n into Eqn. 13 

Step 9: calculate M 1A n by substituting 8 Aeff for 8 and P t2n for P t2n , then performing Steps 1-6 of 
the pitot-static method (Method II) until a solution is obtained 

Step 10: calculate M 1B n by substituting S Beff for 8 and P t2n for P t2n , then performing Steps 1-6 
of Method II until a solution is obtained 

Step 11: calculate the M i n residual, ERR(M ] B ) = M 1A II - M 1B n 

Step 12: if IERR(M 1 j)| > 1 0 \ update a Weff ll to oc Weff n = oc Weff n + 0.1*ERR(M 1 j) and repeat 
Steps 7-12 by substituting the last updated values for M liter , 0 iter and 0C Weff n on each 
successive iteration cycle; otherwise, set M 1>n = M 1A II 
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C. Iterate on A8 Weff to solve for Mj j = M i n = Mj 

Step 13: using the results from Steps 6 and 12, calculate the Mj residual ERR(Mj) = M 1( - M i n 

Step 14: if IERR(Mj )| > 1 0 5 , update A8 Weff to A8 Weff = A8 Weff + 0. 1 *ERR(M,) and repeat 
Steps 1-13 by substituting the last updated values for M liter , 0 iter and A8 Weff on each 
successive iteration cycle; otherwise, set Mj = Mj j 
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APPENDIX D 


SAMPLE CALCULATION LOR METHOD III 

To demonstrate the process required for computing the freestream Mach number following the 
steps outlined for Method III, consider the input values given below, which are representative of the 
measured conditions for an instrumented 10° half-angle wedge tested at a nominal wind tunnel 
Mach number setting of 2.40: 

P t2n A = 11-3352 psia 

p t2nB= 11-3128 psia 

P t3A = 15.4106 psia 

p t3B = 14.2464 psia 

P 2A = 3.0196 psia 

P 2B = 2.3911 psia 

£ = \|/ = - 2 . 00 ° 

S w = 10.1063° 

For convenience, the freestream pitot pressure, P t2n , will be represented by the average of P t2nA 
and P t2n g for inclusion into the Method I and II calculations: 

P t 2 n = 11-3240 psia 

Angularity parameters are initialized to their starting values (in units of radians): 

a Weff,i = a Weff,n = e = -0.0349 rad 
S w = 0.1764 rad 
AS W eff = 0 rad 

P Aeff — P Beff — P iter — 1-00 rad 

Since the ideal tunnel Mach number setting is known, let M liter = 2.40 for the first iteration 
cycle. Now that the initial conditions have been established, the calculations for Method III may 
begin: 
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A. Iterate on a Weff j to solve for M 1A j = M 1B j = Mj j 
Step 1: 8 Aeff = 0 + 0.1764 + 0.0349 = 0.2113 
Step 2: 8 Beff = 0 + 0.1764 - 0.0349 = 0.1415 
Step 3: Iterate to solve for M 1A j from Method I 
A. Iterate on cot8 Aeff to solve for 0 Ae ff 
Step 1: 


(c°t8 A ) iter = tan(1.00E 


6 * 2.40 2 

5[2.40 2 sin 2 (1.00) -1 


U = 1.9394 


Step 2: ERR(cotS Aeff ) = 1 -1.9394/cot(0.2113) = 0.5840 

Step 3: Since IERR(cot8 Aeff )| > 10 -6 , update 0 iter = 1.00 - 0.01*0.5840 = 0.9942 
and repeat Method I Steps 1-2; after 341 iterations, the following solution 
is obtained: 0 iter = 0 Aeff = 0.6129 

B. Iterate on P t 3 A /Pt2n to solve for M 1A I (from Eqn. 2) 

Step 4: 


M, 


^lter 


36 * 2.40 4 sin 2 (0.6129) 

' [7 * 2.40 2 sin 2 (0.6129) - 1][2.40 2 sin 2 (0.6129) + 5] 

1 

5[2. 40 2 sin 2 (0.6129) - 1][7 * 2.40 2 sin 2 (0.6129) + 5]1 ' 2 
[7 * 2.40 2 sin 2 (0.6129) - 1][2.40 2 sin 2 (0.6129) + 5] 


1.9137 


Step 5: 


P t3A_ 

"7 * 2.40 2 sin 2 (0.6129) - 1 

(1.9137V 

f 7 * 2.40 2 - 1 " 

P t 2n 

6 

l 2.40 J 

v 7 * 1.9137 2 - 1 J 


= 1.3567 

Step 6: ERR(P t3A /P t2n ) = 1 - 1.3567/(15.4106/11.3240) = .0031 

Step 7: Since IERR(P t3A /P t2n )l > 10 6 , update M, = 2.40 + 0.0031 = 2.4031 and 
repeat Method I 
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Steps 4-6; after 15 iterations, the following solutions are obtained: 
M \ j ter = 2.407 1 , M 2jter = 1.9161 

C. Iterate on M 2 2 sin 2 (0 Beff - 8 Aeff ) to solve for M 1A I (from Eqn. 6) 
Step 8: LHS(Eqn. 6) = 1.9161 2 sin 2 (0.6129 - 0.2113) = 0.5610 
Step 9: 

RHS(E q n.6) = = 0 . 5569 

v ’ 7 * 2.4071 2 sin 2 (0.6129) - 1 


Step 10: ERR(Eqn. 6) = 1 - 0.5610/0.5569 = -0.0073 

Step 11: Since IERR(Eqn. 6)1 > 1 0 \ update M liter = 2.40 + 0.0073 = 2.4073 and 
repeat Method I Steps 1-10; after 9 iterations, the following solution is 
obtained: M liter = M 1A j = 2.4133 

Step 4: Iterate to solve for M 1B j from Method I 

A. Iterate on cotS Beff for 0 Beff 

Step 1: 


( c °tS B ) iter = tan(1.00R 


6 * 2.40 2 

5[2.40 2 sin 2 (1.00)-l 


U = 1.9394 


Step 2: ERR(cot6 Beff ) = 1 -1.9394/cot(0.1415) = 0.7238 

Step 3: Since IERR(cotS Beff )| > 10” 6 , update 0 iter = 1.00 - 0.01*0.7238 = 0.9928 
and repeat Method I Steps 1-2; after 236 iterations, the following solution 
is obtained: 0 iter = 0 Be ff = 0.5453 

B. Iterate on P t 3 B /P t2n to solve for M 1B j (from Eqn. 2) 

Step 4: 


M, 


< 36 *2.40 4 sin 2 (0.5453) 

' [7 * 2.40 2 sin 2 (0.5453) - 1][2.40 2 sin 2 (0.5453) + 5' 


5[2.40 2 sin 2 (0.5453) - 1][7 * 2.40 2 sin 2 (0.5453) + 5]1 2 
[7 * 2.40 2 sin 2 (0.5453) - 1][2.40 2 sin 2 (0.5453) + 5] 


2.0752 
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Step 5: 


p t3B 

7* 2.40 2 sin 2 (0.5453)- 1" 

/ 2.0752 Y 

f 1 * 2.40 2 - 1 " 

p t 2n ' 

6 

l 2.40 J 

v 7*2.0752 2 -1 J 


= 1.2540 


Step 6: ERR(P t3B /P t2n ) = 1 - 1.2540/(14.2464/11.3240) = 0.0033 

Step 7: Since IERR(P t3B /P t2n )l > 10 6 , update M, = 2.40 + 0.0034 = 2.4033 and 
repeat Method I Steps 4-6; after 14 iterations, the following solutions are 
obtained: M liter = 2.4071 M 2iter = 2.0778 


C. Iterate on M 2 2 sin 2 (0 Beff - 8 Beff ) to solve for M 1B j (from Eqn. 6) 


Step 8: LHS(Eqn 6) = 2.0778 2 sin 2 (0.5453 - 0.1415) = 0.6667 
Step 9: 


RHS(Eqn.6) 


2.407 1 2 sin 2 (0.5453) + 5 
7 * 2.407 1 2 sin 2 (0.5453) -1 


0.6617 


Step 10: ERR(Eqn. 6) = 1 - 0.6667/0.6617 = -0.0076 

Step 11: Since IERR(Eqn. 6)1 > 1 0 5 , update M liter = 2.40 + 0.0076 = 2.4076 and 
repeat Method I Steps 1-10; after 15 iterations, the following solution is 
obtained: M liter = M 1B j = 2.4202 


Step 5: ERR/Mi j) = 2.4133 - 2.4202 = -0.0069 

Step 6: Since IERR(M 1 j)| > 10~ 5 , update a Weff j = -0.0349 + 0.1*0.0069 = -0.0342 rad 
and repeat Method III Steps 1-5; after 5 iterations, the following solutions are 
obtained: M^ A j = M^ B 3 = Ml j = 2.4156, Otweff t = —0.0343 rad 


B. Iterate on a Weff n to solve for M 1A n = M 1B II = M 1>n 
Step 7: 8 Aeff = 0 + 0.1764 - 0.0349 = 0.21 13 
Step 8: S Beff = 0 + 0. 1764 + 0.0349 = 0.1415 
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Step 9: Iterate for M 1A n from Method II 
A. Iterate on cotS Aeff to solve for 0 Aeff 
Step 1: 


( c °tS A ) iter = tan(1.00W 


6 * 2.40 2 

5[2.40 2 sin 2 (1.00) - 1 


U = 1.9394 


Step 2: ERR(cot5 Aeff ) = 1 - 1.9394/cot(0.2113) = 0.5840 

Step 3: Since IERR(cot8 Aeff )| > 10 -6 , update 0 iter = 1.00 - 0.01*0.5840 = 0.9942 
and repeat Method I Steps 1-2; after 341 iterations, the following solution 
is obtained: 0 iter = 0 Ae ff = 0.6129 

B. Iterate on P t2n /P2A to solve for M 1A II 

Step 4: 


p t 2n _ 

6 

"6*2.40 2 " 

2 ( 6 3 

P 2A 

7 * 2.40 2 sin 2 (0.6129) - 1 

l 5 J 

W*2.40 2 -17 


= 3.8391 

Step 5: ERR(P t2n /P 2A ) = 3.8391 - 11.3240/3.0196 = 0.0890 

Step 6: Since IERR(P t2n /P 2A )l > 10 6 , update M liter = 2.40 - 0.1*0.0890 = 2.3911 
and repeat Method II Steps 1-5; after 38 iterations, the following solution 
is obtained: M liter = M 1A n = 2.3589 

Step 10: Iterate to solve for M 1B n from Method II 

A. Iterate on cotS Beff for 0 Beff 

Step 1: 


(c°t8 B ) iter = tan(1.00R 


6 * 2.40 2 

5[2.40 2 sin 2 (1.00)-l 


U = 1.9394 


Step 2: ERR(cot8 Beff ) = 1 - 1.9394/cot(0.1415) = 0.7238 
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Step 3: Since IERR(cotS Beff )| > 10‘ 6 , update 0 iter = 1.00 - 0.01*0.7238 = 0.9928 
and repeat Method I Steps 1-2; after 236 iterations, the following solution 
is obtained: 0 iter = 0 Be ff = 0.5453 

B. Iterate on P t2n /r > 2 B to solve for M 1B II 

Step 4: 


P t2n _ 

6 

"6*2.40 2 " 

2 ( 6 3 

p 2b 

7 * 2.40 2 sin 2 (0.5453)-l 

l 5 J 

V7 * 2.40 2 - lj 


= 4.8110 


Step 5: ERR(P t2n /P 2B ) =4.8110- 11.3240/2.3911 = 0.0751 

Step 6: Since IERR(P t2n /P 2B )l > lO^ 6 , update Mj = 2.40 - 0.1*0.0751 = 2.3925 

and repeat Method II Steps 1-5; after 26 iterations, the following solution 
is obtained: M liter = M 1B n = 2.3750 

Step 11: ERR(M ] n ) = 2.3589 - 2.3750 = -0.0161 

Step 12: Since IERR(M 1 j)| > 1 0 5 , update a Weff n = -0.0349 - 0.1*0.0161 = -0.0365 rad 
and repeat Method III Steps 7-12; after 3 iterations, the following solutions are 
obtained: M^^ B = M^ B B = M^| B = 2.3671, Otweff II = — 0.0364 rad 

C. Iterate on A8 Weff to solve for Mj j = Mj n = Mj 

Step 13: ERRCMi) = 2.4156 - 2.3671 = 0.0485 

Step 14: Since lERRtMj )| > 1 0 5 , update A8 Weff = 0 + 0.1*0.0485 = 0.0048 and 

repeat Method III Steps 1-13; after 3 iterations, the following solutions are 
obtained: Mj j = M 1>n = Mj = 2.3916, A8 Weff = 0.0046 rad = 0.261°, 
a We ff,i = -0.0359 rad = -2.057°, oc Weff n = -0.0364 rad = -2.086° 
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APPENDIX E 


SAMPLE COMPRESSIBILITY PARAMETER CALCULATION 

To demonstrate the calculation process for determining the cone-probe fundamental 
compressibility parameter, probe 4 on rake 1 will be analyzed. The following probe data are 
provided for the computations: 

P t0 = 18.645 psia 

P tY = 12.0886 psia 

P A = 4.8990 psia 

P B = 3.0313 psia 

P c = 2.8279 psia 

P D = 4.2387 psia 

The compressibility parameter is computed from Eqn. 15: 

4.8990 + 3.0313 + 2.8279 + 4.2387 

PR t = = 0.31014 

T 4*12.0886 


The longitudinal and directional sensitivity parameters are computed from Eqn. 16: 



0.17133 

-0.099879 


To calculate the fundamental compressibility parameter in Eqn. 21, the quadratic coefficients in 
table 2 (probe 4, rake 1) and an initial guess for PR T0 are required to initiate the iterative 
computations. For the first iteration cycle, PR T() = 0.28000 is assumed: 

PR ACbiasT = 5.15935 - 36.2706*0.28000 + 63.2252*0.28000 2 = -0.0395623 

p R BD biasT = 0.10258 - 0.064912*0.28000 - 0.598695*0.28000 2 = 0.0374670 

1 X1 = 3.07195E+04 - 2.095 17E+05*0.28000 + 3.56703E+05*0.28000 2 = 20.25520 

1 T2 = -6.77677E+08 + 4.76863E+09*0.28000 - 8.33091E+09*0.28000 2 = 4.39606E+06 
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1 X3 = 8.063 12E+ 12 - 5.56876E+13*0.28000 + 9.58164E+13*0.28000 2 = -1.74022E+10 
From Eqn. 18: 

PR ACBDcorrT = [(0.17133 - 0.0395623) 2 + (-0.099879 + 0.0374670) 2 ] 1 ' 2 = 0.14580 
From Eqn. 19: 

x T = 0.14580* 0.31014 7 = 4.02407E-05 
Equating Eqn. 21 to the arbitrary variable, G: 

G — PR t — ( lj- 1 X - j ■ + 1 ' j ■ t x ■ j ■ + l j ;X j- ) — PR to 
= 0.31014 - (20. 25520*4. 02407E-05 + 4.39606E+06*4.02407E-05 2 
- 1 .74022E+ 1 0*4.02407E-05 3 ) - 0.28000 = 0.023340 
Since G ^ 0, the value for PR T0 is updated by incrementing its initial value by G: 

PR to = 0.28000 + 0.023340 = 0.30334 

The new value for PR T() is then used in the next iteration cycle, repeating the process until G ~ 0 
is reached. Subsequent calculation results are tabulated below, with PR T() incremented by G between 
consecutive iterations. A reasonable solution for PR T() is obtained after five computational cycles, 
yielding PR T0 = 0.3071 1. 


Iteration 

0 

1 

2 

3 

4 

5 

PRto 

0.28000 

0.30334 

0.30730 

0.30709 

0.30711 

0.30711 

PR ACbiasT 

-0.0395623 

-0.0252966 

-0.0160486 

-0.0165702 

-0.0165271 

-0.0165306 

PR BDbiasT 

0.0374670 

0.0278005 

0.0260969 

0.0261846 

0.0261774 

0.0261780 

hr 

20.25520 

-13.30272 

19.53804 

17.58502 

17.74599 

17.73289 

hi 

4.39606E+06 

2.269 16E+06 

1.00869E+06 

1.07957E+06 

1.07371E+06 

1.07419E+06 

! T3 

-1.74022E+10 

-1.25949E+10 

-1.43006E+09 

-2.07467E+09 

-2.02147E+09 

-2.02580E+09 

PR ACBDcorrT 

0.14580 

0.16285 

0.17192 

0.17141 

0.17145 

0.17145 

X T 

4.02407E-05 

4.49469E-05 

4.7449 IE-05 

4.73087E-05 

4.73203E-05 

4.73194E-05 

G 

2.3340E-02 

3.957 IE-03 

-2.0263E-04 

1.6817E-05 

-1.3675E-06 

1.1139E-07 
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Table 1. Linear coefficients for referenced test section flow conditions 


Flow Parameter 

UPWT TS 

1 

2 

2 

M set 

2.15 

2.29 

2.40 

Upflow, (i(z) 

Slope (deg/in) 

3.36039E-02 

2.07784E-02 

4.93372E-02 

Intercept (deg) 

7.65491E-01 

-2.17092E-01 

-9.43008E-01 

Crossflow, ^(z) 

Slope (deg/in) 

9.16905E-03 

1.60458E-02 

1.31805E-02 

Intercept (deg) 

-2.25905E-01 

-1.82585E-01 

-1.21052E-01 

Mach Number, M^z) 

Slope (1/in) 

-3.22233E-04 

-2.84782E-03 

-6.72053E-04 

Intercept 

2.14666E+00 

2.32673E+00 

2.40666E+00 

Recovery, P tl (z)/P t0 

Slope (1/in) 

4.09665E-04 

-3.93429E-04 

-1.08764E-04 

Intercept 

9.79078E-01 

9.90679E-01 

9.90974E-01 
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Table 2. Coefficients for the rake 1 fundamental compressibility parameter 



PRACbiasT 

PRBDbiasT 

Probe 

Jto 

Jti 

)T2 

k T0 

k T i 

k X 2 

1 

3.87742E+00 

-2.66679E+01 

4.63012E+01 

2.8693 1E+00 

-1.89661E+01 

3.11012E+01 

2 

5.28361E-01 

-3.49127E+00 

6.07979E+00 

-3.30830E+00 

2.45834E+01 

-4.51360E+01 

3 

8.49070E-01 

-5.68873E+00 

8.95443E+00 

2.22154E+00 

-1.50582E+01 

2.52124E+01 

4 

5.15935E+00 

-3.62706E+01 

6.32252E+01 

1.02580E-01 

-6.49120E-02 

-5.98695E-01 

5 

5.63140E+00 

-3.93874E+01 

6.80277E+01 

-6.68240E-01 

5.53303E+00 

-1.07184E+01 

6 

8.59335E+00 

-6.04494E+01 

1.05093E+02 

7.61857E+00 

-5.32185E+01 

9.21083E+01 

7 

1.97692E+00 

-1.44429E+01 

2.66561E+01 

3.7968 1E+00 

-2.59426E+01 

4.3223 1E+01 

8 

4.78194E+00 

-3.45141E+01 

6.24782E+01 

-3.79044E+00 

2.7078 1E+01 

-4.79276E+01 


Probe 

Iti 

1t2 

m X 0 

m Tl 

m T2 

n T0 

n X i 

n x2 

1 

1.58058E+03 

-9.24322E+03 

1.29533E+04 

1.38249E+08 

-7.94744E+08 

1 . 14496E+09 

2 

-1.83096E+04 

1.26027E+05 

-2.16348E+05 

1.52206E+09 

-1.02663E+10 

1.73077E+10 

3 

1.67459E+04 

-1.14558E+05 

1.95501E+05 

-1.68057E+07 

3.72535E+08 

-1.02077E+09 

4 

3.07195E+04 

-2.095 17E+05 

3.56703E+05 

-6.77677E+08 

4.76863E+09 

-8.33091E+09 

5 

-6.01080E+03 

4.09694E+04 

-6.94673E+04 

1.26761E+09 

-8.39949E+09 

1.39224E+10 

6 

-1.22838E+04 

8.46945E+04 

-1.45400E+05 

1.65003E+09 

-1.11961E+10 

1.89905E+10 

7 

2.63328E+04 

-1.83701E+05 

3.19977E+05 

-2.79863E+08 

2.18200E+09 

-4.15443E+09 

8 

3.44547E+04 

-2.39254E+05 

4.14789E+05 

-3.26454E+08 

2.5492 1E+09 

-4.84185E+09 


Probe 

1 T 3 

9to 

9ti 

q x2 

1 

6.37023E+11 

-5.79083E+12 

1.19568E+13 

2 

-2.35611E+13 

1.59432E+14 

-2.69461E+14 

3 

-7.11149E+12 

4.52070E+13 

-7.19047E+13 

4 

8.06312E+12 

-5.56876E+13 

9.58164E+13 

5 

-2.24793E+13 

1.50161E+14 

-2.50657E+14 

6 

-2.74790E+13 

1.87227E+14 

-3.18675E+14 

7 

-2.06300E+12 

1.15934E+13 

-1.57623E+13 

8 

-1.47602E+12 

7.09834E+12 

-7.43957E+12 
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Table 3. Coefficients for the rake 2 fundamental compressibility parameter 



PRACbiasT 

PRBDbiasT 

Probe 

Jto 

Jti 

)T2 

k T0 

k T i 

k X 2 

1 

9.93132E+00 

-7.02481E+01 

1.25008E+02 

1.11886E+00 

-7.90968E+00 

1.44470E+01 

2 

9.00664E-01 

-5.68633E+00 

8.77864E+00 

-2.09080E+00 

1.36876E+01 

-2.14667E+01 

3 

1.82968E+00 

-1.18867E+01 

1.81672E+01 

2.64358E+00 

-1.91381E+01 

3.5268 1E+01 

4 

8.45330E-01 

-5.51382E+00 

8.62861E+00 

-3.58330E+00 

2.43530E+01 

-4.07843E+01 

5 

3.19486E-01 

-2.03997E+00 

3.04712E+00 

1.33559E+00 

-9.54829E+00 

1.73636E+01 

6 

3.21875E-01 

-2.01510E+00 

3.12523E+00 

-4.91985E+00 

3.47691E+01 

-6.14264E+01 


Probe 

l T i 

1t2 

m T0 

m Tl 

m T2 

n T0 

n T i 

n T2 

1 

2.06233E+04 

-1.46753E+05 

2.60069E+05 

-3.18328E+08 

2.56042E+09 

-4.98197E+09 

2 

-4.70170E+03 

3.00921E+04 

-4.80485E+04 

5.16231E+08 

-3.26680E+09 

5.17226E+09 

3 

1.53285E+03 

-1.01725E+04 

1.70501E+04 

6.25352E+08 

-4.15146E+09 

6.8953 1E+09 

4 

9.64282E+03 

-6.57495E+04 

1.11863E+05 

2.88196E+08 

-1.74190E+09 

2.62960E+09 

5 

2.69995E+04 

-1.85611E+05 

3.18400E+05 

-2.36035E+08 

1.91786E+09 

-3.73149E+09 

6 

5.19332E+02 

-3.031 13E+03 

4.38688E+03 

9.65690E+08 

-6.38848E+09 

1.05800E+10 


Probe 

1 T 3 

9to 

9ti 

q x2 

1 

5.75679E+10 

-4.22371E+12 

1.33308E+13 

2 

-7.265 11E+12 

4.67084E+13 

-7.50726E+13 

3 

-1.05745E+13 

7.12439E+13 

-1.19932E+14 

4 

-6.39594E+12 

4.09404E+13 

-6.55337E+13 

5 

-5.84456E+12 

3.56734E+13 

-5.42728E+13 

6 

-1.74805E+13 

1.16582E+14 

-1.94380E+14 
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Table 4. Coefficients for the correlated cone-probe Mach number 


Rake 1 


Probe 

Cmo 

Cmi 

Cm2 

Cm3 

Cm4 

1 

2.33044E+02 

-3.14176E+03 

1.62034E+04 

-3.7433 1E+04 

3.25984E+04 

2 

2.80307E+02 

-3.73303E+03 

1.89423E+04 

-4.29993E+04 

3.67824E+04 

3 

3.70722E+02 

-5.03217E+03 

2.59138E+04 

-5.95573E+04 

5.14687E+04 

4 

3.649 16E+02 

-4.97030E+03 

2.56820E+04 

-5.9207 1E+04 

5.13040E+04 

5 

1.76437E+02 

-2.30498E+03 

1.15905E+04 

-2.61944E+04 

2.23870E+04 

6 

3.29945E+02 

-4.44655E+03 

2.278 15E+04 

-5.21623E+04 

4.49662E+04 

7 

7.72448E+02 

-1.06503E+04 

5.53223E+04 

-1.27858E+05 

1.10859E+05 

8 

6.53954E+02 

-9.06530E+03 

4.73970E+04 

-1.10290E+05 

9.62826E+04 


Rake 2 


Probe 

Cmo 

Cmi 

Cm2 

Cm3 

Cm4 

1 

4.65158E+02 

-6.38506E+03 

3.31650E+04 

-7.67892E+04 

6.67872E+04 

2 

-7.55773E+01 

1.09500E+03 

-5.58619E+03 

1.23522E+04 

-1.00548E+04 

3 

3.08335E+02 

-4.20947E+03 

2.18715E+04 

-5.07838E+04 

4.43704E+04 

4 

1.56175E+02 

-2.13051E+03 

1.11995E+04 

-2.63645E+04 

2.33454E+04 

5 

4.57895E+02 

-6.27249E+03 

3.25119E+04 

-7.51096E+04 

6.51741E+04 

6 

3.32854E+02 

-4.51493E+03 

2.32649E+04 

-5.35244E+04 

4.63107E+04 
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Table 5. Coefficients for the rake 1 correlated pitot pressure 



P^ACbiasY 

PRBDbiasY 

Probe 

jyo 

jyi 

JY2 

kyo 

kyi 

ky2 

1 

8.29654E+00 

-5.45409E+01 

9.02695E+01 

7.04530E+00 

-4.27674E+01 

6.50728E+01 

2 

1.59908E+00 

-1.30324E+01 

2.63212E+01 

-1.21605E+01 

8.33190E+01 

-1.42183E+02 

3 

-5.43298E+00 

3.82491E+01 

-6.67566E+01 

-6.91918E+00 

4.86581E+01 

-8.45437E+01 

4 

-1.22145E+01 

8.35608E+01 

-1.43777E+02 

2.8041 6E+00 

-2.02750E+01 

3.75520E+01 

5 

-1.03334E+01 

7.32933E+01 

-1.28354E+02 

-4.72693E+00 

3.27423E+01 

-5.59399E+01 

6 

-8.72178E+00 

6.12402E+01 

-1.07246E+02 

-2.26857E+00 

1.28667E+01 

-1.69234E+01 

7 

3.78072E+01 

-2.54995E+02 

4.29077E+02 

7.12244E+01 

-4.9457 1E+02 

8.59493E+02 

8 

-1.41770E+01 

9.95480E+01 

-1.75158E+02 

3.57808E+01 

-2.47096E+02 

4.27543E+02 


Probe 

lyo 

Iyi 

m Y0 

m Yl 

m Y2 

nYO 

n Yl 

n Y2 

1 

7.89082E-01 

-5.24939E+00 

8.72743E+00 

-8.32726E+00 

5.56242E+01 

-9.28902E+01 

2 

1.65910E-01 

-1.19790E+00 

2.16107E+00 

7.84932E-02 

1.55938E+00 

-6.42128E+00 

3 

-3.35901E-01 

2.33696E+00 

-4.05133E+00 

1.58962E+01 

-1.09923E+02 

1.89773E+02 

4 

1.49569E-01 

-1.06437E+00 

1.89135E+00 

-1.80404E+01 

1.26471E+02 

-2.20702E+02 

5 

-6.82582E-01 

4.71575E+00 

-8.11587E+00 

2.41466E+01 

-1.66767E+02 

2.87483E+02 

6 

1.00458E+00 

-6.92463E+00 

1.19246E+01 

-3.00658E+01 

2.07259E+02 

-3.56780E+02 

7 

3.52092E+00 

-2.44043E+01 

4.22494E+01 

-4.2475 1E+01 

2.97986E+02 

-5.21706E+02 

8 

1.66867E+00 

-1.14532E+01 

1.96400E+01 

-4.2523 1E+01 

2.95437E+02 

-5.12372E+02 


Probe 

1y2 

1 Y 3 

9yo 

9yi 

9Y2 

t*Y0 

tYl 

r Y2 

1 

5.62939E+01 

-3.88147E+02 

6.68547E+02 

-1.27378E+02 

8.78309E+02 

-1.50763E+03 

2 

4.27282E+01 

-3.10965E+02 

5.63794E+02 

-1.66779E+02 

1.18952E+03 

-2.11200E+03 

3 

-4.560 12E+01 

3.10908E+02 

-5.29136E+02 

-1.27297E+01 

1.03173E+02 

-2.00380E+02 

4 

8.80715E+01 

-6.18125E+02 

1.07876E+03 

-1.88754E+02 

1.32376E+03 

-2.30389E+03 

5 

-9.49885E+01 

6.54664E+02 

-1.12669E+03 

9.91666E+01 

-6.82282E+02 

1.17691E+03 

6 

2.24289E+02 

-1.54151E+03 

2.64535E+03 

-5.75457E+02 

3.95735E+03 

-6.79059E+03 

7 

1.41764E+02 

-9.99892E+02 

1.75922E+03 

-2.235 68E+02 

1.58096E+03 

-2.78707E+03 

8 

1.60641E+02 

-1.12022E+03 

1.94994E+03 

-3.34916E+02 

2.33956E+03 

-4.07337E+03 
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Table 6. Coefficients for the rake 2 correlated pitot pressure 



P^ACbiasY 

PRBDbiasY 

Probe 

jyo 

jyi 

JY2 

kyo 

kyi 

ky2 

1 

1.48164E+02 

-1.06940E+03 

1.92808E+03 

-2.59948E+01 

1.81374E+02 

-3.15152E+02 

2 

-9.41593E+00 

6.0961 1E+01 

-9.76655E+01 

-1.66137E+01 

1.09317E+02 

-1.79442E+02 

3 

-1.39187E+01 

9.48970E+01 

-1.61171E+02 

-1.70108E+01 

1.16641E+02 

-1.99094E+02 

4 

-2.30889E+01 

1.56052E+02 

-2.62947E+02 

-9.71864E+00 

6.27243E+01 

-1.00263E+02 

5 

-2.77804E+00 

2.17327E+01 

-4.09851E+01 

1.29981E+00 

-8.66107E+00 

1.58137E+01 

6 

-9.28830E+00 

6.56415E+01 

-1.15690E+02 

-5.98352E+00 

3.90973E+01 

-6.31288E+01 


Probe 

lyo 

lyi 

m Y0 

m Yl 

m Y2 

n Y0 

n Yl 

n Y2 

1 

6.45120E+01 

-4.644 19E+02 

8.35403E+02 

-1.42209E+02 

1.02574E+03 

-1.84881E+03 

2 

-6.62600E-01 

4.41139E+00 

-7.31172E+00 

1.63948E+01 

-1.08607E+02 

1.79199E+02 

3 

-9.25139E-01 

6.59552E+00 

-1.17371E+01 

1.13087E+01 

-8.00691E+01 

1.41381E+02 

4 

9.13222E-01 

-6.17167E+00 

1.04271E+01 

-2.20381E+01 

1.48465E+02 

-2.49878E+02 

5 

-1.56077E-01 

1.09013E+00 

- 1.893 14E+00 

5.16780E+00 

-3.59794E+01 

6.22707E+01 

6 

5.25079E-01 

-3.63955E+00 

6.30702E+00 

-1.16770E+01 

7.99787E+01 

-1.36973E+02 


Probe 

Iy2 

1 Y 3 

9yo 

9yi 

9Y2 

t*Y0 

r YI 

r Y2 

1 

3.92529E+01 

-3.01366E+02 

5.76542E+02 

1.30659E+02 

-8.86298E+02 

1.49963E+03 

2 

-4.89702E+01 

3.24488E+02 

-5.34262E+02 

1.05893E+01 

-6.77587E+01 

1.06358E+02 

3 

-5.407 14E+01 

3.78970E+02 

-6.62078E+02 

4.28084E+01 

-2.91183E+02 

4.94509E+02 

4 

1.20493E+02 

-8.09580E+02 

1.35881E+03 

-2.58686E+02 

1.73712E+03 

-2.91018E+03 

5 

-4.33565E+01 

3.0033 1E+02 

-5.17057E+02 

1.97270E+01 

-1.30651E+02 

2.15859E+02 

6 

3.70287E+01 

-2.42420E+02 

3.97785E+02 

-9.12512E+01 

5.89908E+02 

-9.51112E+02 


48 




Table 7. Coefficients for the rake 1 correlated angle of attack 


Probe 1 

Co 

Ci 

c 2 

So 

1.77666E+01 

-1.27017E+02 

2.13958E+02 

at 

2.03862E+01 

-4.443 10E+02 

7.28966E+02 

c 00 

-1.80236E+01 

1.23121E+02 

-2.09761E+02 

c 10 

-2.23746E+02 

1.56540E+03 

-2.73145E+03 

c 20 

3.50499E+02 

-2.68406E+03 

5.0256 1E+03 

c 30 

5.88464E+03 

-4.08997E+04 

7.0605 1E+04 

c 40 

-1.48943E+04 

1.15675E+05 

-2.21037E+05 

c 50 

-6.75822E+04 

4.66124E+05 

-7.96036E+05 

c 60 

9.89295E+04 

-8.59081E+05 

1.79915E+06 

Cot 

1.37979E+02 

-9.35945E+02 

1.58122E+03 

C 11 

-1.16870E+03 

8.27007E+03 

-1.45655E+04 

C 21 

-8.91116E+03 

5.928 19E+04 

-9.79256E+04 

C 31 

4.26743E+04 

-3.07735E+05 

5.50323E+05 

C 41 

8.89552E+05 

-5.9665 1E+06 

9.92746E+06 

C 51 

-7.02198E+05 

5.08103E+06 

-9.08992E+06 

C 61 

-2.38645E+07 

1.61317E+08 

-2.71067E+08 

c 02 

2.94301E+03 

-2.01408E+04 

3.44069E+04 

c 12 

4.7644 1E+03 

-3.39408E+04 

5.99015E+04 

c 22 

-1.28070E+05 

8.933 13E+05 

-1.55456E+06 

c 32 

-4.37405E+05 

3.06056E+06 

-5.33021E+06 

C42 

1.37338E+07 

-9.45877E+07 

1.62699E+08 

c 52 

2.55397E+05 

-2.29178E+06 

4.91291E+06 

c 62 

-3.29480E+08 

2.26809E+09 

-3.901 11E+09 

c 03 

-5.61745E+03 

3.801 17E+04 

-6.40773E+04 

c 13 

4.21336E+04 

-2.96838E+05 

5.21599E+05 

c 23 

6.06802E+05 

-4.13191E+06 

7.02285E+06 

c 33 

-4.95795E+05 

3.98167E+06 

-7.77464E+06 

C43 

-4.9749 1E+07 

3.38620E+08 

-5.74462E+08 

c 53 

-7.4155 1E+06 

4.11259E+07 

-5.56428E+07 

c 63 

1.36403E+09 

-9.33520E+09 

1.59313E+10 

c 04 

-6.90083E+04 

4.72455E+05 

-8.07905E+05 

c 14 

-8.99452E+04 

6.52615E+05 

-1.16858E+06 

c 24 

3.59187E+06 

-2.47245E+07 

4.24603E+07 

C34 

1.63848E+07 

-1.14463E+08 

1.99334E+08 

C44 

-4.36435E+08 

2.99302E+09 

-5.12349E+09 

C54 

-1.65595E+08 

1.16822E+09 

-2.06367E+09 

c 64 

1.18345E+10 

-8.14290E+10 

1.39914E+1 1 

do 

-6.11746E-01 

4.1741 1E+00 

-7.14425E+00 

dt 

1.38218E+01 

-9.761 10E+01 

1.70959E+02 


6.851 18E+02 

-4.69961E+03 

8.05866E+03 

^3 

-4.16504E+03 

2.91059E+04 

-5.06277E+04 

d 4 

-7.33975E+04 

5.04760E+05 

-8.67154E+05 

d 5 

1.63255E+05 

-1.13647E+06 

1.97082E+06 

d 6 

1.86989E+06 

-1.28809E+07 

2.21550E+07 


Probe 2 

Co 

Ci 

c 2 

so 

4.9288 1E+00 

-3.10856E+01 

4.82542E+01 

ai 

6.24949E+00 

-3.51916E+02 

5.66447E+02 

c 00 

-1.80307E+01 

1.23958E+02 

-2.13009E+02 

c 10 

-1.40085E+02 

9.89622E+02 

-1.76858E+03 

c 20 

-7.37202E+02 

5.23368E+03 

-9.27270E+03 

c 30 

2.93661E+03 

-2.31363E+04 

4.47240E+04 

c 40 

1.64032E+04 

-1.28149E+05 

2.47034E+05 

c 50 

4.21365E+03 

4.28775E+04 

-1.99028E+05 

c 60 

1.07150E+05 

-3.61052E+05 

-4.59045E+04 

C 01 

2.35600E+01 

-1.63770E+02 

2.80435E+02 

C 11 

-2.77321E+03 

1.95657E+04 

-3.43961E+04 

C 21 

-8.20643E+03 

5.87673E+04 

-1.05562E+05 

C 31 

1.83330E+05 

-1.29780E+06 

2.2903 1E+06 

c 4 i 

6.96398E+05 

-5.00107E+06 

8.95847E+06 

C 51 

-4.57472E+06 

3.23686E+07 

-5.71079E+07 

C 61 

-2.07543E+07 

1.47818E+08 

-2.62544E+08 

c 02 

2.47721E+03 

-1.69893E+04 

2.90669E+04 

c 12 

-1.35873E+03 

6.58621E+03 

-6.53139E+03 

c 2 2 

6.63495E+04 

-4.68075E+05 

8.18727E+05 

c 32 

7.60885E+05 

-4.92825E+06 

7.91269E+06 

C 42 

2.95438E+06 

-1.90506E+07 

3.06009E+07 

c 52 

-4.47027E+07 

3.01547E+08 

-5.06415E+08 

c 62 

-2.26986E+08 

1.53733E+09 

-2.59500E+09 

c 03 

-1.93791E+03 

1.34983E+04 

-2.32278E+04 

c 13 

1.14426E+05 

-8.08601E+05 

1.42435E+06 

c 23 

5.65680E+05 

-3.99968E+06 

7.07936E+06 

c 33 

-7.42673E+06 

5.29421E+07 

-9.40647E+07 

C43 

-2.84180E+07 

2.03733E+08 

-3.65328E+08 

c 53 

1.57095E+08 

-1.12487E+09 

2.00767E+09 

c 63 

6.28965E+08 

-4.525 12E+09 

8.13179E+09 

c 04 

-5.97979E+04 

4. 1 2294E+05 

-7.10261E+05 

c 14 

-3.82670E+04 

3.63582E+05 

-8.00610E+05 

c 24 

-3.54272E+06 

2.47365E+07 

-4.29083E+07 

C34 

-4.61202E+06 

2.0527 1E+07 

-1.49260E+07 

C44 

1.24220E+08 

-8.97330E+08 

1.61012E+09 

C54 

6.46557E+08 

-4.21146E+09 

6.78640E+09 

c 64 

1.58626E+09 

-1.00278E+10 

1.56321E+10 

do 

-2.33342E-01 

1.60568E+00 

-2.73659E+00 

di 

1.36628E+00 

-1.23725E+01 

2.34164E+01 


5.49594E+02 

-3.82352E+03 

6.63354E+03 

^3 

-1.41941E+03 

1.03315E+04 

-1.84556E+04 

d 4 

-6.05968E+04 

4.21683E+05 

-7.31841E+05 

d 5 

4.18487E+04 

-3.03191E+05 

5.39823E+05 

d 6 

1.49014E+06 

-1.03665E+07 

1.79864E+07 
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Table 7. Continued 


Probe 3 

Co 

Ci 

c 2 

®o 

2.40616E+01 

-1.62561E+02 

2.82064E+02 

at 

-1.62133E+01 

-1.88688E+02 

2.87581E+02 

c oo 

-1.77943E+01 

1.22844E+02 

-2.11275E+02 

c 10 

-1.66414E+02 

1.16696E+03 

-2.04557E+03 

c 20 

2.95756E+02 

-2.18844E+03 

4.01091E+03 

c 30 

-5.06702E+03 

3.59801E+04 

-6.35026E+04 

c 40 

-3.87503E+04 

2.75555E+05 

-4.88413E+05 

c 50 

2.24735E+05 

-1.57956E+06 

2.76266E+06 

c 60 

1.02648E+06 

-7.21146E+06 

1.26243E+07 

Cot 

3.5191 1E+01 

-2.28382E+02 

3.64864E+02 

C 11 

-8.82941E+02 

6.2472 1E+03 

-1.10142E+04 

C 21 

5.26398E+03 

-3.80200E+04 

6.87894E+04 

C 31 

3.78892E+04 

-2.73099E+05 

4.95764E+05 

c 4 i 

-7.31654E+04 

5.36780E+05 

-1.02062E+06 

C 51 

-6.41153E+05 

4.63797E+06 

-8.52639E+06 

C 61 

-1.54040E+06 

1.04126E+07 

-1.73159E+07 

c 02 

1.37332E+03 

-9.26976E+03 

1.55041E+04 

c 12 

-5.10161E+03 

3.645 13E+04 

-6.44092E+04 

c 2 2 

2.05882E+04 

-1.56305E+05 

3.17598E+05 

c 32 

2.24408E+06 

-1.54936E+07 

2.66078E+07 

C 42 

5.52846E+06 

-3.59783E+07 

5.67980E+07 

c 52 

-8.40884E+07 

5.779 19E+08 

-9.88497E+08 

c 62 

-2.69020E+08 

1.80021E+09 

-2.97706E+09 

c 03 

-2.61744E+03 

1.73821E+04 

-2.85857E+04 

c 13 

5.04598E+04 

-3.57983E+05 

6.34947E+05 

c 23 

5.18790E+04 

-3.26261E+05 

5.24654E+05 

c 33 

-9.62450E+05 

8.14313E+06 

-1.68705E+07 

C43 

-5.47555E+06 

4.18329E+07 

-7.99687E+07 

c 53 

-2.88412E+07 

1.58137E+08 

-1.94424E+08 

c 63 

1.77077E+07 

-2.78879E+08 

7.77239E+08 

c 04 

-1.24841E+04 

7.91567E+04 

-1.21263E+05 

c 14 

3.63743E+04 

-2.72387E+05 

4.95024E+05 

c 24 

-1.60696E+06 

1.22151E+07 

-2.37015E+07 

C34 

-5.06365E+07 

3.46802E+08 

-5.90607E+08 

C44 

-5.47017E+07 

2.73226E+08 

-2.50579E+08 

C54 

2.13173E+09 

-1.45731E+10 

2.47948E+10 

c 64 

5.77290E+09 

-3.75432E+10 

5.99926E+10 

do 

-2.07822E+00 

1.43284E+01 

-2.47548E+01 

di 

3.51513E+01 

-2.40175E+02 

4.09042E+02 

^2 

1.27592E+03 

-8.82447E+03 

1.52874E+04 

^3 

-5.12250E+03 

3.50433E+04 

-5.97414E+04 

d 4 

-9.73421E+04 

6.74830E+05 

-1.17221E+06 

d 5 

1.30090E+05 

-8.86938E+05 

1.50571E+06 

d 6 

1.69062E+06 

-1.17727E+07 

2.05578E+07 


Probe 4 

Co 

Ci 

c 2 

ao 

4.60723E+01 

-3.27059E+02 

5.76278E+02 

a i 

1.04807E+02 

-1.05124E+03 

1.82733E+03 

c oo 

-2.35286E+00 

1.54251E+01 

-2.49765E+01 

c 10 

-2.75760E+02 

1.93776E+03 

-3.41983E+03 

c 20 

-1.34128E+03 

9.61964E+03 

-1.72101E+04 

c 30 

9.88801E+03 

-7.16123E+04 

1.29205E+05 

c 40 

-2.73922E+04 

1.75509E+05 

-2.79086E+05 

c 50 

-1.88342E+05 

1.36989E+06 

-2.48406E+06 

c 60 

1.09932E+06 

-7.35676E+06 

1.22855E+07 

C 01 

1.75930E+02 

-1.20482E+03 

2.05846E+03 

C 11 

-1.44556E+03 

9.88745E+03 

-1.68046E+04 

C 21 

-1.63193E+04 

1.16011E+05 

-2.05587E+05 

C 31 

1.22266E+05 

-8.44474E+05 

1.45021E+06 

c 4 i 

1.561 12E+06 

-1.09987E+07 

1.92863E+07 

C 51 

-3.13406E+06 

2.17251E+07 

-3.74714E+07 

C 61 

-3.31608E+07 

2.32287E+08 

-4.04933E+08 

c 02 

-4.19018E+02 

2.95615E+03 

-5.23604E+03 

c 12 

1.33935E+04 

-9.52366E+04 

1.68386E+05 

c 2 2 

7.74140E+04 

-5.57065E+05 

1.00017E+06 

c 32 

-3.61805E+05 

2.80415E+06 

-5.33423E+06 

C 42 

1.25573E+07 

-8.43002E+07 

1.40795E+08 

c 52 

-5.36242E+06 

3.03487E+07 

-4.10328E+07 

c 62 

-3.66859E+08 

2.47902E+09 

-4.17005E+09 

c 03 

-7.33012E+03 

4.99560E+04 

-8.49184E+04 

c 13 

4.22705E+04 

-2.86550E+05 

4.82979E+05 

c 23 

1.00608E+06 

-7.12772E+06 

1.26289E+07 

c 33 

-2.92067E+06 

1.98599E+07 

-3.35394E+07 

C43 

-9.69705E+07 

6.86382E+08 

-1.21336E+09 

c 53 

6.91275E+07 

-4.71859E+08 

8.00373E+08 

c 63 

2.13801E+09 

-1.51063E+10 

2.66454E+10 

c 04 

3.14622E+04 

-2.18402E+05 

3.79040E+05 

c 14 

-3.80609E+05 

2.69541E+06 

-4.74589E+06 

c 24 

-6.62074E+06 

4.69363E+07 

-8.3111 1E+07 

C34 

8.57637E+06 

-6.55874E+07 

1.233 11E+08 

C44 

2.91206E+07 

-3.26149E+08 

7.94493E+08 

C54 

1.84039E+08 

-1.14444E+09 

1.76215E+09 

c 64 

2.66056E+09 

-1.55474E+10 

2.15160E+10 

do 

2.33744E-01 

-1.70173E+00 

3.01406E+00 

di 

5.32156E+01 

-3.56920E+02 

5.95785E+02 


-6.39189E+01 

5.38696E+02 

-1.06266E+03 

^3 

-9.12914E+03 

6.17639E+04 

-1.04314E+05 

d 4 

8.097 10E+03 

-6.58580E+04 

1.27869E+05 

d 5 

2.31528E+05 

-1.56530E+06 

2.64244E+06 

d 6 

-2.342 13E+05 

1.84738E+06 

-3.52173E+06 




Table 7. Continued 


Probe 5 

Co 

Ci 

c 2 

So 

5.21393E+01 

-3.73823E+02 

6.5835 1E+02 

at 

6.90299E+01 

-8.09177E+02 

1.40907E+03 

c 00 

3.90641E+00 

-2.72675E+01 

4.79400E+01 

c 10 

-1.04965E+02 

7.06064E+02 

-1.21584E+03 

c 20 

1.17570E+03 

-8.07005E+03 

1.38199E+04 

c 30 

1.47589E+03 

-1.12548E+04 

2.1 1 142E+04 

c 40 

-1.01300E+05 

6.94459E+05 

-1.18914E+06 

c 50 

2.27302E+03 

3.56191E+03 

-3.94981E+04 

c 60 

1.90067E+06 

-1.30130E+07 

2.22564E+07 

Cot 

1.403 12E+02 

-9.73923E+02 

1.68236E+03 

C 11 

6.41802E+02 

-4.37684E+03 

7.41659E+03 

C 21 

-8.88324E+03 

6.08777E+04 

-1.03639E+05 

C 31 

3.07388E+04 

-2.24921E+05 

4.054 13E+05 

C 41 

1.10778E+06 

-7.60309E+06 

1.29639E+07 

C 51 

-1.28814E+06 

9.18874E+06 

-1.62348E+07 

C 61 

-2.01712E+07 

1.38176E+08 

-2.35213E+08 

c 02 

-1.15293E+03 

7.9059 1E+03 

-1.35694E+04 

c 12 

-1.03083E+03 

7.78127E+03 

-1.42099E+04 

c 22 

-2.32995E+05 

1.58885E+06 

-2.68901E+06 

c 32 

1.18765E+06 

-8.23240E+06 

1.41 944E+07 

C42 

2.05327E+07 

-1.39303E+08 

2.34948E+08 

c 52 

-3.01604E+07 

2.09064E+08 

-3.60547E+08 

c 62 

-3.66761E+08 

2.4788 1E+09 

-4.16507E+09 

c 03 

-4.8291 1E+03 

3.36012E+04 

-5.81334E+04 

c 13 

-3.12940E+04 

2.07220E+05 

-3.42689E+05 

c 23 

7.08002E+05 

-4.91357E+06 

8.51482E+06 

c 33 

-7.43167E+05 

6.13338E+06 

-1.20848E+07 

C43 

-6.15370E+07 

4.25583E+08 

-7.34662E+08 

c 53 

4.63652E+07 

-3.42452E+08 

6.23053E+08 

c 63 

1.06380E+09 

-7.34144E+09 

1.26468E+10 

c 04 

4.37709E+04 

-2.99987E+05 

5.13641E+05 

c 14 

8.14003E+03 

-9.13272E+04 

2.05205E+05 

c 24 

5.66748E+06 

-3.80607E+07 

6.35140E+07 

C34 

-3.01645E+07 

2.10386E+08 

-3.64397E+08 

C44 

-5.12335E+08 

3.44046E+09 

-5.75132E+09 

C54 

8.37626E+08 

-5.82982E+09 

1.00842E+10 

c 64 

9.06144E+09 

-6.06238E+10 

1.00978E+1 1 

do 

2.41914E+00 

-1.66486E+01 

2.85744E+01 

di 

4.58615E+01 

-3.13708E+02 

5.34432E+02 


-9.67660E+02 

6.64818E+03 

-1.14100E+04 

^3 

-7.07077E+03 

4.82274E+04 

-8.22129E+04 

d 4 

6.743 19E+04 

-4.64253E+05 

7.98178E+05 

d 5 

1.81 140E+05 

-1.23213E+06 

2.095 16E+06 

d 6 

-1.19557E+06 

8.25249E+06 

-1.42230E+07 


Probe 6 

Co 

Ci 

c 2 

so 

1.12967E+00 

-3.41928E+00 

-1.12070E+00 

ai 

-3.10679E+01 

-9.40324E+01 

1.24684E+02 

c 00 

1.04475E+01 

-7.37995E+01 

1.30516E+02 

c 10 

-1.28509E+02 

8.84337E+02 

-1.53905E+03 

c 20 

2.3131 1E+02 

-1.52176E+03 

2.49579E+03 

c 30 

-4.23629E+03 

3.07940E+04 

-5.63294E+04 

c 40 

-4.51875E+04 

3.03154E+05 

-5.05074E+05 

c 50 

1.15887E+05 

-8.51685E+05 

1.57007E+06 

c 60 

8.24152E+05 

-5.42402E+06 

8.82741E+06 

Cot 

1.54162E+02 

-1.07225E+03 

1.85628E+03 

C 11 

-1.33014E+03 

9.41222E+03 

-1.65439E+04 

C 21 

2.0279 1E+03 

-1.40022E+04 

2.39016E+04 

C 31 

8.07696E+04 

-5.73653E+05 

1.01347E+06 

c 4 i 

8.47703E+05 

-5.94274E+06 

1.03595E+07 

C 51 

-1.40955E+06 

1.00861E+07 

-1.79695E+07 

C 61 

-2.52494E+07 

1.76512E+08 

-3.06993E+08 

c 02 

-2.43772E+03 

1.69635E+04 

-2.94960E+04 

c 12 

1.9787 1E+04 

-1.38242E+05 

2.40167E+05 

c 2 2 

-1.64840E+05 

1.13567E+06 

-1.94069E+06 

c 32 

-6.23183E+05 

4.24347E+06 

-7.11748E+06 

C 42 

3.46673E+07 

-2.40748E+08 

4.16129E+08 

c 52 

6.56606E+06 

-4.16364E+07 

6.29136E+07 

c 62 

-8.07504E+08 

5.60836E+09 

-9.69523E+09 

c 03 

-8.23595E+03 

5.71597E+04 

-9.87631E+04 

c 13 

2.29243E+04 

-1.59624E+05 

2.76703E+05 

c 23 

1.66722E+05 

-1.19951E+06 

2.16863E+06 

c 33 

-1.47945E+06 

1.03505E+07 

-1.80391E+07 

C43 

-5.15618E+07 

3.64986E+08 

-6.44270E+08 

c 53 

1.49828E+07 

-1.06998E+08 

1.91257E+08 

c 63 

1.34824E+09 

-9.51025E+09 

1.67160E+10 

c 04 

9.07303E+04 

-6.29165E+05 

1.08961E+06 

c 14 

-7.83047E+05 

5.49300E+06 

-9.59420E+06 

c 24 

5.14971E+06 

-3.58357E+07 

6.19319E+07 

C34 

4.20032E+07 

-2.92843E+08 

5.07410E+08 

C44 

-1.11418E+09 

7.77643E+09 

-1.35181E+10 

C54 

-7.66549E+08 

5.29498E+09 

-9.07228E+09 

c 64 

2.68387E+10 

-1.87297E+11 

3.25570E+1 1 

do 

6.04736E-01 

-4.26782E+00 

7.5208 1E+00 

di 

4.96666E+0 1 

-3.39431E+02 

5.77565E+02 


-4.94999E+01 

3.80141E+02 

-7.27714E+02 

^3 

-8.68325E+03 

5.94970E+04 

-1.01766E+05 

d 4 

4.74720E+03 

-3.42602E+04 

6.22346E+04 

d 5 

2.41833E+05 

-1.65413E+06 

2.82444E+06 

d 6 

-2.86378E+05 

1.99239E+06 

-3.47539E+06 
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Table 7. Concluded 


Probe 7 

Co 

Ci 

c 2 

®o 

2.10456E+01 

-1.46244E+02 

2.5857 1E+02 

a i 

-9.11643E+01 

3.35856E+02 

-6.52497E+02 

c oo 

4.52289E+00 

-3.24961E+01 

5.80080E+01 

c 10 

-1.45448E+02 

1.03820E+03 

-1.90563E+03 

c 20 

2.19345E+03 

-1.56776E+04 

2.799 15E+04 

c 30 

-8.43125E+03 

5.76295E+04 

-9.78710E+04 

c 40 

-1.81859E+05 

1.29689E+06 

-2.31038E+06 

c 50 

2.3907 1E+05 

-1.64803E+06 

2.82179E+06 

c 60 

3.91827E+06 

-2.79008E+07 

4.96139E+07 

C 01 

8.1 1 130E+01 

-5.83785E+02 

1.04615E+03 

C 11 

1.18499E+03 

-8.13372E+03 

1.39913E+04 

C 21 

-1.69211E+03 

1.43717E+04 

-3.10188E+04 

C 31 

1.71921E+04 

-1.36060E+05 

2.67643E+05 

c 4 i 

5.51 197E+05 

-4.12497E+06 

7.76653E+06 

C 51 

-1.21969E+06 

8.94165E+06 

- 1.643 76E+07 

C 61 

-1.32643E+07 

9.88649E+07 

-1.85362E+08 

c 02 

-2.18076E+03 

1.52844E+04 

-2.67650E+04 

c 12 

-1.51266E+04 

1.04877E+05 

-1.81080E+05 

c 2 2 

-2.48758E+05 

1.75614E+06 

-3.09702E+06 

c 32 

3.18380E+06 

-2.22635E+07 

3.88189E+07 

C 42 

3.09633E+07 

-2.18236E+08 

3.83966E+08 

c 52 

-7.89492E+07 

5.51859E+08 

-9.61586E+08 

c 62 

-7.26656E+08 

5.11757E+09 

-8.99356E+09 

c 03 

-5.56069E+03 

3.99320E+04 

-7.13327E+04 

c 13 

-8.69975E+04 

6.03446E+05 

-1.04273E+06 

c 23 

1.21039E+05 

-9.78537E+05 

1.97680E+06 

c 33 

2.72748E+05 

-6.13455E+05 

-1.35415E+06 

C43 

-2.93647E+07 

2.19259E+08 

-4.09808E+08 

c 53 

4.95223E+07 

-3.83925E+08 

7.40612E+08 

c 63 

6.77528E+08 

-5.04788E+09 

9.41324E+09 

c 04 

9.71914E+04 

-6.8321 1E+05 

1.1991 1E+06 

c 14 

6.2920 1E+05 

-4.36752E+06 

7.55626E+06 

c 24 

6.47825E+06 

-4.53379E+07 

7.91964E+07 

C34 

-8.83272E+07 

6.14539E+08 

-1.06593E+09 

C44 

-8.27538E+08 

5.80039E+09 

-1.01467E+10 

C54 

2.08662E+09 

-1.44974E+10 

2.51019E+10 

c 64 

1.92421E+10 

-1.34796E+11 

2.35619E+1 1 

do 

2.17391E+00 

-1.53870E+01 

2.72973E+01 

di 

-5.66568E+01 

4.03650E+02 

-7.24606E+02 

^2 

-2.58905E+02 

1.90062E+03 

-3.497 18E+03 

^3 

4.67842E+03 

-3.35294E+04 

6.01238E+04 

d 4 

8.83268E+03 

-6.84088E+04 

1.33281E+05 

d 5 

-1.32039E+05 

9.49138E+05 

-1.70639E+06 

d 6 

-5.57838E+04 

5.07468E+05 

-1.13402E+06 


Probe 8 

Co 

Ci 

c 2 

ao 

7.97842E+01 

-5.65377E+02 

1.00925E+03 

a i 

-3.16444E+02 

1.96568E+03 

-3.58031E+03 

c oo 

1.23771E+01 

-8.65075E+01 

1.51564E+02 

c 10 

6.22554E+0 1 

-4.51747E+02 

7.77662E+02 

c 20 

1.17204E+03 

-8.07828E+03 

1.39742E+04 

c 30 

-2.11635E+04 

1.50550E+05 

-2.67154E+05 

c 40 

-8.93176E+04 

6.26477E+05 

-1.10416E+06 

c 50 

3.707 14E+05 

-2.6527 1E+06 

4.72910E+06 

c 60 

1.55030E+06 

-1.09554E+07 

1.94769E+07 

C 01 

-2.77968E+00 

1.18561E+01 

-7.59392E+00 

C 11 

-6.96554E+01 

5.1 1446E+02 

-9.3067 1E+02 

C 21 

1.46181E+04 

-1.01422E+05 

1.74583E+05 

C 31 

4.04037E+04 

-2.89956E+05 

5.20722E+05 

c 4 i 

-2.20139E+05 

1.57596E+06 

-2.78326E+06 

C 51 

-1.05470E+06 

7.59279E+06 

-1.36904E+07 

C 61 

-3.15225E+05 

4.89466E+05 

1.63668E+06 

c 02 

-2.93569E+03 

2.04238E+04 

-3.55319E+04 

c 12 

-1.19038E+03 

1.14842E+04 

-2.57176E+04 

c 2 2 

-3.11627E+05 

2.18708E+06 

-3.82594E+06 

c 32 

1.06064E+06 

-7.78226E+06 

1.42167E+07 

C 42 

3.18309E+07 

-2.23828E+08 

3.92525E+08 

c 52 

-2.18713E+07 

1.61336E+08 

-2.95817E+08 

c 62 

-6.31227E+08 

4.44326E+09 

-7.80096E+09 

c 03 

-2.09778E+03 

1.52905E+04 

-2.77625E+04 

c 13 

1.04200E+04 

-7.96882E+04 

1.52400E+05 

c 23 

-5.89331E+05 

4.00944E+06 

-6.76300E+06 

c 33 

-3.06013E+06 

2.21064E+07 

-3.99560E+07 

C43 

-2.22567E+06 

2.071 10E+07 

-4.71473E+07 

c 53 

5.95627E+07 

-4.32628E+08 

7.86439E+08 

c 63 

2.30925E+08 

-1.66081E+09 

3.01242E+09 

c 04 

9.65094E+04 

-6.71810E+05 

1.16844E+06 

c 14 

-1.87451E+05 

1.25830E+06 

-2.10700E+06 

c 24 

7.12800E+06 

-4.95336E+07 

8.56498E+07 

C34 

-2.42058E+06 

2.24824E+07 

-4.79177E+07 

C44 

-7.44730E+08 

5.21267E+09 

-9.09131E+09 

C54 

1 . 1 3056E+08 

-9.20698E+08 

1.80259E+09 

c 64 

1.51490E+10 

-1.06320E+11 

1.85991E+1 1 

do 

1.80358E+00 

-1.25749E+01 

2.19897E+01 

di 

-3.70341E+01 

2.59022E+02 

-4.55083E+02 


2.08859E+02 

-1.52163E+03 

2.74024E+03 

^3 

5.75557E+03 

-4.03657E+04 

7.07063E+04 

d 4 

-3.33222E+04 

2.37091E+05 

-4.19402E+05 

d 5 

-2.065 13E+05 

1.45528E+06 

-2.561 19E+06 

d 6 

1.04844E+06 

-7.43420E+06 

1.31307E+07 




Table 8. Coefficients for the rake 2 correlated angle of attack 


Probe 1 

Co 

Ci 

c 2 

®o 

-8.54957E+01 

6.31049E+02 

-1.14357E+03 

at 

5.44635E+01 

-6.91347E+02 

1.17290E+03 

c oo 

-2.26873E+01 

1.56601E+02 

-2.69057E+02 

c 10 

-1.90647E+02 

1.32807E+03 

-2.28194E+03 

c 20 

1.77681E+03 

-1.23344E+04 

2.13600E+04 

c 30 

2.00653E+04 

-1.36349E+05 

2.31374E+05 

c 40 

-6.35810E+04 

4.455 11E+05 

-7.77803E+05 

c 50 

-8.13834E+05 

5.57587E+06 

-9.53940E+06 

c 60 

-1.24342E+06 

8.43976E+06 

-1.43290E+07 

Cot 

-2.22935E+02 

1.54795E+03 

-2.68629E+03 

C 11 

-3.50079E+03 

2.44560E+04 

-4.26357E+04 

C 21 

-1.28533E+04 

8.67709E+04 

-1.46093E+05 

C 31 

5.44566E+05 

-3.78802E+06 

6.57216E+06 

C 41 

2.46958E+06 

-1.70951E+07 

2.94919E+07 

C 51 

-1.84597E+07 

1.28420E+08 

-2.2283 1E+08 

C 61 

-8.81709E+07 

6.12500E+08 

-1.06084E+09 

c 02 

2.13599E+03 

-1.44583E+04 

2.44294E+04 

c 12 

2.05006E+04 

-1.39493E+05 

2.36755E+05 

c 22 

-4.63757E+04 

3.11357E+05 

-5.18450E+05 

c 32 

-5.94253E+06 

4.10150E+07 

-7.06495E+07 

C42 

-1.62946E+07 

1.13798E+08 

-1.98598E+08 

c 52 

2.23375E+08 

-1.54404E+09 

2.66363E+09 

c 62 

8.54377E+08 

-5.92996E+09 

1.02763E+10 

c 03 

1.00576E+04 

-7.02437E+04 

1.22546E+05 

c 13 

1.90096E+05 

-1.31893E+06 

2.28270E+06 

c 23 

1.39821E+06 

-9.63061E+06 

1.65841E+07 

c 33 

-3.43261E+07 

2.37686E+08 

-4.10703E+08 

C43 

-1.82322E+08 

1.26384E+09 

-2.18698E+09 

c 53 

1.17879E+09 

-8.16516E+09 

1.41 143E+10 

c 63 

5.98193E+09 

-4.14944E+10 

7.18317E+10 

c 04 

-5.98263E+04 

4. 1 1066E+05 

-7.04927E+05 

c 14 

-9.60018E+05 

6.59877E+06 

-1.13079E+07 

c 24 

-4.09010E+06 

2.87057E+07 

-5.04610E+07 

C34 

2.55200E+08 

-1.76602E+09 

3.04907E+09 

C44 

1.06927E+09 

-7.46035E+09 

1.29994E+10 

C54 

-9.17344E+09 

6.35165E+10 

-1.09730E+11 

c 64 

-4.10060E+10 

2.85046E+1 1 

-4.94575E+11 

do 

2.33907E+00 

-1.61422E+01 

2.78757E+01 

di 

-5.86083E+01 

4.08989E+02 

-7.13456E+02 


-1.15378E+03 

8.03650E+03 

-1.39892E+04 

^3 

1.08654E+04 

-7.61243E+04 

1.33035E+05 

d 4 

6.26389E+04 

-4.38092E+05 

7.66290E+05 

d 5 

-3.86303E+05 

2.69985E+06 

-4.70663E+06 

d 6 

-1.85099E+05 

1.35243E+06 

-2.49650E+06 


Probe 2 

Co 

Ci 

c 2 

ao 

9.16962E+00 

-5.97379E+01 

9.54523E+01 

a i 

3.71945E+01 

-5.26660E+02 

8.39499E+02 

c oo 

-1.01429E+01 

6.48273E+01 

-1.03145E+02 

c 10 

-1.66862E+02 

1.10493E+03 

-1.85792E+03 

c 20 

-1.82166E+03 

1.22555E+04 

-2.05619E+04 

c 30 

1.44416E+04 

-9.55825E+04 

1.5761 1E+05 

c 40 

1.45737E+05 

-9.78965E+05 

1.64142E+06 

c 50 

-3.97798E+05 

2.63817E+06 

-4.361 13E+06 

c 60 

-3.05521E+06 

2.05060E+07 

-3.43646E+07 

C 01 

1.02081E+01 

-6.66145E+01 

1.03745E+02 

C 11 

-1.95658E+03 

1.32605E+04 

-2.24457E+04 

C 21 

-5.85121E+03 

4.03306E+04 

-6.87705E+04 

C 31 

2.42255E+04 

-1.72699E+05 

3.06158E+05 

c 4 i 

2.66982E+05 

-1.87581E+06 

3.23724E+06 

C 51 

2.581 12E+05 

-1.50684E+06 

2.13293E+06 

C 61 

-7.14935E+06 

4.95418E+07 

-8.4779 1E+07 

c 02 

1.91237E+03 

-1.24674E+04 

2.02867E+04 

c 12 

7.70037E+02 

-5.07295E+03 

8.38413E+03 

c 2 2 

4.49107E+05 

-3.01726E+06 

5.0547 1E+06 

c 32 

-1.16735E+06 

7.81868E+06 

-1.30544E+07 

C 42 

-4.05321E+07 

2.71520E+08 

-4.53798E+08 

c 52 

3.17799E+07 

-2.12775E+08 

3.55122E+08 

c 62 

8.43132E+08 

-5.63891E+09 

9.41057E+09 

c 03 

-1.96656E+01 

-3.88633E+01 

5.82688E+02 

c 13 

6.47374E+04 

-4.38143E+05 

7.38747E+05 

c 23 

-6.67902E+04 

4.43737E+05 

-7.28571E+05 

c 33 

-5.86729E+05 

4.19163E+06 

-7.44553E+06 

C43 

2.35627E+07 

-1.57712E+08 

2.6326 1E+08 

c 53 

-1.74707E+07 

1.1 1825E+08 

-1.77484E+08 

c 63 

-4.34848E+08 

2.90764E+09 

-4.85210E+09 

c 04 

-4.57082E+04 

3.00906E+05 

-4.95123E+05 

c 14 

3.19003E+03 

-1.29673E+04 

4.61669E+02 

c 24 

-1.41864E+07 

9.52862E+07 

-1.59571E+08 

C34 

2.97091E+07 

-1.99895E+08 

3.35700E+08 

C44 

1.33083E+09 

-8.91815E+09 

1.49087E+10 

C54 

-8.66299E+08 

5.82052E+09 

-9.75598E+09 

c 64 

-2.74459E+10 

1.83670E+1 1 

-3.06667E+11 

do 

-1.76209E-01 

1.44074E+00 

-2.80495E+00 

di 

-9.59133E+01 

6.41021E+02 

-1.07305E+03 


3.12819E+02 

-2.18275E+03 

3.77618E+03 

^3 

1.03553E+04 

-6.92156E+04 

1.15531E+05 

d 4 

-3.245 11E+04 

2.23370E+05 

-3.82440E+05 

d 5 

-2.67577E+05 

1.79072E+06 

-2.99263E+06 

d 6 

7.16138E+05 

-4.90323E+06 

8.35673E+06 
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Table 8. Continued 


Probe 3 

Co 

Ci 

c 2 

®o 

3.19434E+01 

-2.22542E+02 

3.85438E+02 

at 

-2.3943 1E+00 

-2.89602E+02 

4.68707E+02 

c oo 

-3.54604E-01 

2.028 14E+00 

-2.77872E+00 

c 10 

-2.84907E+02 

2.00401E+03 

-3.49613E+03 

c 20 

-2.15942E+03 

1.4703 1E+04 

-2.50100E+04 

c 30 

1.68061E+04 

-1.15966E+05 

1.99844E+05 

c 40 

1.59150E+05 

-1.08555E+06 

1.85064E+06 

c 50 

-3.47429E+05 

2.39443E+06 

-4.11999E+06 

c 60 

-3.35694E+06 

2.29646E+07 

-3.92675E+07 

Cot 

1.46300E+02 

-1.00458E+03 

1.71766E+03 

C 11 

4.09570E+02 

-2.62109E+03 

4. 14175E+03 

C 21 

9.535 16E+03 

-6.48419E+04 

1.10122E+05 

C 31 

-1.57045E+05 

1.06995E+06 

-1.81674E+06 

c 4 i 

4.006 17E+04 

-4.13944E+05 

9.40096E+05 

C 51 

5.10757E+06 

-3.50129E+07 

5.98421E+07 

C 61 

-1.01105E+07 

7.27132E+07 

-1.30199E+08 

c 02 

-6.06841E+02 

4.17341E+03 

-7.19007E+03 

c 12 

1.20246E+04 

-8.32096E+04 

1.44015E+05 

c 2 2 

5.84065E+05 

-4.00309E+06 

6.85154E+06 

c 32 

-1.28607E+05 

8.71 142E+05 

-1.52839E+06 

C 42 

-4.86836E+07 

3.34160E+08 

-5.72420E+08 

c 52 

-2.13271E+07 

1.47509E+08 

-2.53139E+08 

c 62 

1.10002E+09 

-7.55690E+09 

1.29531E+10 

c 03 

-6.80005E+03 

4.65739E+04 

-7.93882E+04 

c 13 

-4.081 12E+04 

2.76058E+05 

-4.64825E+05 

c 23 

-5.93303E+05 

4.07409E+06 

-6.97410E+06 

c 33 

9.14218E+06 

-6.25710E+07 

1.06734E+08 

C43 

2.58412E+07 

-1.75645E+08 

2.97219E+08 

c 53 

-2.62934E+08 

1.80278E+09 

-3.08147E+09 

c 63 

-1.41173E+08 

9.26217E+08 

-1.50112E+09 

c 04 

2.29156E+04 

-1.55051E+05 

2.62257E+05 

c 14 

-2.97956E+05 

2.03964E+06 

-3.49028E+06 

c 24 

-1.86418E+07 

1.27983E+08 

-2.19274E+08 

C34 

-2.59935E+06 

1.97495E+07 

-3.55038E+07 

C44 

1.61264E+09 

-1.10841E+10 

1.90019E+10 

C54 

9.04591E+08 

-6.28030E+09 

1.08325E+10 

c 64 

-3.62926E+10 

2.49590E+1 1 

-4.28055E+11 

do 

-8.62893E-01 

5.93706E+00 

-1.02134E+01 

di 

3.66053E+01 

-2.47902E+02 

4. 1 9234E+02 


5.35623E+02 

-3.67839E+03 

6.31684E+03 

^3 

-3.65234E+03 

2.42847E+04 

-4.04138E+04 

d 4 

-4.23630E+04 

2.90762E+05 

-4.99328E+05 

d 5 

9.19296E+04 

-6.09292E+05 

1.01128E+06 

d 6 

8.25171E+05 

-5.66498E+06 

9.735 10E+06 


Probe 4 

Co 

Ci 

c 2 

ao 

2.0481 1E+01 

-1.49536E+02 

2.49857E+02 

a i 

-1.47543E+01 

-1.82111E+02 

2.62818E+02 

c oo 

-2.05319E+00 

1.07338E+01 

-1.63340E+01 

c 10 

-3.02483E+02 

2.00595E+03 

-3.39597E+03 

c 20 

9.61942E+02 

-6.33729E+03 

1.04176E+04 

c 30 

2.59979E+04 

-1.73696E+05 

2.89402E+05 

c 40 

-1.28619E+04 

8.39700E+04 

-1.36579E+05 

c 50 

-1.26124E+06 

8.43904E+06 

-1.40886E+07 

c 60 

-3.61283E+06 

2.42 1 27E+07 

-4.04887E+07 

c 0 i 

8.10686E+01 

-5.23050E+02 

8.33744E+02 

C 11 

2.17725E+03 

-1.44192E+04 

2.37382E+04 

C 21 

8.54198E+03 

-6.09196E+04 

1.08385E+05 

C 31 

-2.59494E+05 

1.68924E+06 

-2.72894E+06 

C41 

-4.94138E+05 

3.3645 1E+06 

-5.721 14E+06 

C 51 

8.59557E+06 

-5.55324E+07 

8.89599E+07 

C 61 

2.80187E+07 

-1.82414E+08 

2.94984E+08 

c 02 

-4.17376E+02 

2.79052E+03 

-4.66137E+03 

c 12 

3.14743E+04 

-2.10284E+05 

3.50038E+05 

c 2 2 

-4.44635E+04 

2.86392E+05 

-4.61008E+05 

c 32 

-3.28359E+06 

2.17228E+07 

-3.57715E+07 

C42 

-1.27759E+06 

8.34199E+06 

-1.32931E+07 

c 52 

1.54397E+08 

-1.02270E+09 

1.68773E+09 

c 62 

4.90624E+08 

-3.24836E+09 

5.35586E+09 

c 03 

-4.25240E+03 

2.78958E+04 

-4.53863E+04 

c 13 

-1.53939E+05 

1.02703E+06 

-1.70725E+06 

c 23 

-1.02055E+05 

8.26953E+05 

-1.63600E+06 

c 33 

2.2295 1E+07 

-1.47837E+08 

2.443 19E+08 

C43 

3.26150E+07 

-2.21480E+08 

3.759 15E+08 

c 53 

-7.88686E+08 

5.21544E+09 

-8.59579E+09 

c 63 

-2.56544E+09 

1.70327E+10 

-2.82037E+10 

c 04 

3.61498E+03 

-2.34469E+04 

3.82852E+04 

c 14 

-1.12497E+06 

7.52004E+06 

-1.25294E+07 

c 24 

1.46092E+06 

-9.21816E+06 

1.44076E+07 

C34 

1.49028E+08 

-9.90270E+08 

1.64033E+09 

C44 

1.09935E+08 

-7.45160E+08 

1.26010E+09 

C54 

-6.17674E+09 

4.10255E+10 

-6.79420E+10 

c 64 

-1.94793E+10 

1.29599E+1 1 

-2.15024E+11 

do 

1.45549E+00 

-9.43688E+00 

1.47732E+01 

di 

-7.19318E+01 

4.83173E+02 

-8.21695E+02 


-6.81969E+02 

4.53712E+03 

-7.53430E+03 

^3 

6.31764E+03 

-4.31265E+04 

7.33683E+04 

d 4 

4.37736E+04 

-2.94342E+05 

4.93960E+05 

d 5 

-2.13046E+05 

1.46089E+06 

-2.49422E+06 

d 6 

-1.09086E+06 

7.42222E+06 

-1.25887E+07 




Table 8. Concluded 


Probe 5 

Co 

Ci 

c 2 

So 

-6.46899E+00 

4.44996E+0 1 

-8.47579E+01 

Sl 

-9.13391E+01 

3.36424E+02 

-6.41976E+02 

c 00 

-5.64650E-01 

2.33763E+00 

-4.04088E+00 

c 10 

-1.52075E+02 

1.03592E+03 

-1.80956E+03 

c 20 

1.65698E+03 

-1.13191E+04 

1.93261E+04 

c 30 

1.71982E+04 

-1.15841E+05 

1.94695E+05 

c 40 

-7.47923E+04 

5.17362E+05 

-8.94032E+05 

c 50 

-1.13952E+06 

7.75444E+06 

-1.31759E+07 

c 60 

-2.65708E+06 

1.80159E+07 

-3.04981E+07 

C 01 

6.43833E+01 

-4.52689E+02 

7.9073 1E+02 

C 11 

1.69289E+03 

-1.16538E+04 

2.00159E+04 

C 21 

-5.19308E+03 

3.43932E+04 

-5.69242E+04 

C 31 

-9.96130E+04 

6.57276E+05 

-1.07347E+06 

C 41 

3.24917E+05 

-2.23402E+06 

3.82977E+06 

C 51 

5.26605E+06 

-3.48257E+07 

5.70854E+07 

C 61 

1.27234E+07 

-8.33303E+07 

1.35099E+08 

c 02 

-2.32528E+03 

1.61 159E+04 

-2.7829 1E+04 

c 12 

1.34451E+04 

-9.16974E+04 

1.56143E+05 

c 22 

-1.74162E+05 

1.19743E+06 

-2.05707E+06 

c 32 

-4.20933E+06 

2.86802E+07 

-4.87218E+07 

C 42 

5.73659E+06 

-4.03772E+07 

7.10163E+07 

c 52 

2.64420E+08 

-1.81052E+09 

3.09222E+09 

c 62 

7.73417E+08 

-5.28755E+09 

9.01588E+09 

c 03 

-3.56413E+03 

2.53869E+04 

-4.4931 1E+04 

c 13 

-1.1 8244E+05 

8.2025 1E+05 

-1.42029E+06 

c 23 

4.62397E+05 

-3.17633E+06 

5.44777E+06 

c 33 

1.18827E+07 

-8.16866E+07 

1.40077E+08 

C 43 

-1.03766E+07 

7.1691 1E+07 

-1.23686E+08 

c 53 

-5.21319E+08 

3.5745 1E+09 

-6.11394E+09 

c 63 

-1.42787E+09 

9.78150E+09 

-1.67166E+10 

c 04 

7.33078E+04 

-5.06466E+05 

8.71969E+05 

c 14 

-4.05386E+05 

2.77238E+06 

-4.73209E+06 

c 24 

7.54806E+06 

-5.20749E+07 

8.97165E+07 

C 34 

1.53407E+08 

-1.05091E+09 

1.79507E+09 

C44 

-2.5722 1E+08 

1.79858E+09 

-3.14189E+09 

C54 

-9.35187E+09 

6.42538E+10 

-1.10107E+11 

c 64 

-2.65644E+10 

1.82259E+1 1 

-3.11848E+11 

do 

7.46026E-01 

-4.90252E+00 

8.00906E+00 

di 

-8.42795E+01 

5.87125E+02 

-1.02685E+03 


-1.04290E+02 

6.71986E+02 

-1.09965E+03 

^3 

1.01090E+04 

-7.07033E+04 

1.23702E+05 

d 4 

2.21960E+04 

-1.51422E+05 

2.60563E+05 

d 5 

-3.09008E+05 

2.16517E+06 

-3.79520E+06 

d 6 

-9.43920E+05 

6.54602E+06 

-1.14018E+07 


Probe 6 

Co 

Ci 

c 2 

so 

9.28387E+00 

-6.06612E+01 

1.05057E+02 

ai 

-3.91913E+01 

-3.08247E+01 

8.80932E+00 

c 00 

1.77255E+01 

-1.23979E+02 

2.16309E+02 

c 10 

-1.52900E+02 

9.98181E+02 

-1.70179E+03 

c 20 

-2.18784E+03 

1.50500E+04 

-2.58616E+04 

c 30 

1.23454E+04 

-8.22339E+04 

1.36214E+05 

c 40 

2.46934E+05 

-1.69545E+06 

2.90453E+06 

c 50 

-4.7001 1E+05 

3.17153E+06 

-5.33063E+06 

c 60 

-6.27698E+06 

4.31 141E+07 

-7.38700E+07 

C 01 

2.28307E+01 

-1.60777E+02 

2.81355E+02 

C 11 

6.27430E+02 

-4.22756E+03 

7.15087E+03 

C 21 

1.75017E+04 

-1.22700E+05 

2.14350E+05 

C 31 

1.53518E+04 

-1.13773E+05 

2.1 1539E+05 

c 4 i 

-1.08400E+03 

2.19041E+05 

-7.57307E+05 

C 51 

-1.61320E+06 

1.13390E+07 

-1.99594E+07 

C 61 

-1.41856E+07 

9.28399E+07 

-1.50845E+08 

c 02 

-3.12445E+03 

2.15445E+04 

-3.70946E+04 

c 12 

1.52488E+04 

-1.00724E+05 

1.65826E+05 

c 2 2 

4.1 1795E+05 

-2.81777E+06 

4.80882E+06 

c 32 

-1.82203E+06 

1.20745E+07 

-1.99382E+07 

C 42 

-4.23545E+07 

2.88455E+08 

-4.89693E+08 

c 52 

6.14823E+07 

-4.12422E+08 

6.89866E+08 

c 62 

1.08047E+09 

-7.35559E+09 

1.24819E+10 

c 03 

-1.54053E+03 

1.06717E+04 

-1.83857E+04 

c 13 

-5.28442E+04 

3.67145E+05 

-6.34947E+05 

c 23 

-1.24116E+06 

8.73608E+06 

-1.531 10E+07 

c 33 

-2.25929E+06 

1.51993E+07 

-2.56503E+07 

C43 

2.60493E+07 

-1.96916E+08 

3.67267E+08 

c 53 

1.28570E+08 

-8.78081E+08 

1.50033E+09 

c 63 

2.41257E+08 

-1.26951E+09 

1.52862E+09 

c 04 

9.19683E+04 

-6.31741E+05 

1.08324E+06 

c 14 

-3.67365E+05 

2.38901E+06 

-3.86685E+06 

c 24 

-9.60873E+06 

6.52024E+07 

-1.10379E+08 

C34 

6.70484E+07 

-4.47198E+08 

7.44039E+08 

C44 

1.13933E+09 

-7.71379E+09 

1.30201E+10 

C54 

-2.13979E+09 

1.43954E+10 

-2.41645E+10 

c 64 

-3.03713E+10 

2.05874E+1 1 

-3.47909E+11 

do 

3.92899E+00 

-2.65850E+01 

4.51060E+01 

di 

-6.10299E+01 

4.20077E+02 

-7.33304E+02 


-8.41850E+02 

5.73028E+03 

-9.75869E+03 

^3 

6.01242E+03 

-4.19079E+04 

7.26575E+04 

d 4 

3.76582E+04 

-2.55733E+05 

4.36568E+05 

d 5 

-1.68045E+05 

1.17150E+06 

-2.02938E+06 

d 6 

-4.66813E+05 

3.14688E+06 

-5.36874E+06 
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Table 9. Coefficients for the rake 1 correlated angle of sideslip 


Probe 1 

Co 

Ci 

c 2 

e 0 

-5.36193E+00 

3.72986E+01 

-6.48241E+01 

e t 

-2.761 15E+02 

1.60358E+03 

-2.77893E+03 

goo 

-6.42556E+00 

4.43749E+0 1 

-7.61645E+01 

gto 

7.91999E+01 

-5.57427E+02 

9.84746E+02 

g20 

1.05746E+03 

-7.33840E+03 

1.27453E+04 

g30 

-7.79919E+03 

5.46670E+04 

-9.62057E+04 

g40 

-1.15449E+05 

8.06098E+05 

-1.40751E+06 

g50 

3.48479E+05 

-2.44812E+06 

4.30698E+06 

g60 

3.03204E+06 

-2.11796E+07 

3.69901E+07 

got 

-1.01488E+02 

7.02206E+02 

-1.21641E+03 

gll 

7.45104E+00 

-5.08174E+01 

6.35958E+01 

g2l 

3.5933 1E+03 

-2.565 14E+04 

4.48605E+04 

g31 

-4.03962E+04 

2.65775E+05 

-4.32985E+05 

g41 

1.18899E+05 

-8.44950E+05 

1.49948E+06 

g5l 

-6.39064E+04 

1.04309E+06 

-2.86858E+06 

g6l 

-3.72793E+06 

2.73023E+07 

-4.97009E+07 

g02 

-4.92505E+02 

3.42216E+03 

-5.93261E+03 

gl2 

2.63954E+03 

-1.87541E+04 

3.255 14E+04 

g22 

-7.78921E+03 

6.71483E+04 

- 1.413 15E+05 

g32 

-2.5289 1E+04 

1.58290E+03 

3.97743E+05 

g42 

1.16785E+07 

-8.26060E+07 

1.46068E+08 

g52 

-2.29108E+07 

1.65212E+08 

-2.99553E+08 

g62 

-3.13906E+08 

2.21691E+09 

-3.91621E+09 

g03 

3.99236E+03 

-2.76109E+04 

4.78163E+04 

gl3 

1.05410E+03 

-4.27769E+03 

3.31641E+03 

g23 

-3.32527E+05 

2.32065E+06 

-4.02288E+06 

g33 

2.390 13E+06 

-1.65806E+07 

2.85206E+07 

g43 

2.46295E+05 

-3.44185E+06 

8.38242E+06 

g53 

-1.55134E+07 

1.02903E+08 

-1.66452E+08 

g63 

-4.52294E+05 

2.26629E+07 

-6.47194E+07 

g04 

4.82804E+04 

-3.34782E+05 

5.78485E+05 

gl4 

-1.96197E+04 

1.52768E+05 

-2.748 10E+05 

g24 

-1.95455E+06 

1.32058E+07 

-2.21282E+07 

g34 

1.03315E+07 

-6.71191E+07 

1.05356E+08 

g44 

-2.18484E+08 

1.55495E+09 

-2.77092E+09 

g54 

2.93488E+08 

-2.19166E+09 

4. 14270E+09 

g64 

5.58187E+09 

-3.96936E+10 

7.07343E+10 

ho 

4.90321E-01 

-3.30614E+00 

5.55541E+00 

hi 

-5.65226E+00 

3.56122E+01 

-5.57156E+01 

^2 

-3.46184E+02 

2.276 17E+03 

-3.72209E+03 

^3 

8.31244E+02 

-5.26822E+03 

8.28833E+03 

h 4 

2.97434E+04 

-1.94481E+05 

3.16057E+05 

h 5 

-2.63484E+04 

1.70542E+05 

-2.74734E+05 

h 6 

-6.01478E+05 

3.91779E+06 

-6.33982E+06 


Probe 2 

Co 

Ci 

c 2 

eo 

-3.37098E+01 

2.37414E+02 

-4.2901 1E+02 

e i 

-6.37780E+01 

1.08941E+02 

-1.60891E+02 

goo 

-9.96927E+00 

6.84981E+01 

-1.17599E+02 

gio 

4.00577E+0 1 

-2.6828 1E+02 

4.72042E+02 

g20 

-9.64923E+02 

6.78370E+03 

-1.18517E+04 

g30 

-1.38613E+04 

9.60527E+04 

-1.66007E+05 

g40 

1.20756E+05 

-8.45632E+05 

1.47525E+06 

g50 

4.5771 1E+05 

-3.18623E+06 

5.53087E+06 

g60 

-2.61776E+06 

1.82954E+07 

-3.18652E+07 

got 

-1.52991E+01 

9.08285E+01 

-1.34856E+02 

gll 

-6.98646E+02 

5.18675E+03 

-9.553 10E+03 

g21 

-1.11565E+04 

7.80407E+04 

-1.37098E+05 

g31 

1.31937E+05 

-9.40600E+05 

1.6683 1E+06 

g41 

1.53382E+05 

-1.12543E+06 

2.07680E+06 

g51 

-4.04389E+06 

2.85624E+07 

-5.02045E+07 

gsi 

5.31019E+06 

-3.51994E+07 

5.73920E+07 

g02 

1.22740E+03 

-8.42320E+03 

1.44546E+04 

gl2 

-5.55985E+03 

3.84334E+04 

-6.63585E+04 

%21 

2.59827E+05 

-1.84043E+06 

3.24006E+06 

g32 

3.39920E+06 

-2.36462E+07 

4.10156E+07 

g42 

-3.33083E+07 

2.33943E+08 

-4.09154E+08 

g52 

-1.08075E+08 

7.52598E+08 

-1.30666E+09 

g62 

8.21504E+08 

-5.75464E+09 

1.00424E+10 

g03 

1.25820E+03 

-8.18665E+03 

1.34066E+04 

gl3 

2.81878E+04 

-2.11555E+05 

3.93220E+05 

g23 

7.62509E+05 

-5.36479E+06 

9.45168E+06 

g33 

-8.35218E+06 

5.9456 1E+07 

-1.05314E+08 

g43 

-3.20778E+07 

2.27467E+08 

-4.05294E+08 

g53 

2.57188E+08 

-1.81784E+09 

3.19805E+09 

g63 

3.43380E+08 

-2.503 17E+09 

4.61718E+09 

g04 

-2.14410E+04 

1.45375E+05 

-2.46359E+05 

gl4 

2.74184E+05 

-1.93489E+06 

3.40988E+06 

g24 

-5.55680E+06 

3.92715E+07 

-6.89447E+07 

g34 

-1.23958E+08 

8.66195E+08 

-1.50938E+09 

g44 

8.82336E+08 

-6.18738E+09 

1.08024E+10 

g54 

3.71758E+09 

-2.59760E+10 

4.52583E+10 

gS4 

-2.26500E+10 

1.58535E+1 1 

-2.76371E+11 

ho 

3.27687E-01 

-2.23234E+00 

3.75699E+00 

hi 

4.96909E+0 1 

-3.47853E+02 

6.04772E+02 

^2 

1.90364E+02 

-1.37115E+03 

2.45500E+03 

^3 

-8.38331E+03 

5.88481E+04 

-1.02788E+05 

h 4 

-3.69757E+04 

2.62084E+05 

-4.6223 1E+05 

h 5 

2.44980E+05 

-1.72116E+06 

3.00842E+06 

h 6 

1.14725E+06 

-8.10491E+06 

1.42472E+07 




Table 9. Continued 


Probe 3 

Co 

Ci 

c 2 

e 0 

-1.64297E+01 

1.04089E+02 

-1.78062E+02 

e i 

-2.53592E+02 

1.46207E+03 

-2.56190E+03 

goo 

-1.32659E+01 

9.18201E+01 

-1.58429E+02 

gio 

-4.48084E+00 

2.57922E+01 

-2.39774E+01 

g20 

6.73395E+02 

-4.56485E+03 

7.70469E+03 

g30 

4.51716E+03 

-3.03547E+04 

5.14181E+04 

g40 

-7.35220E+04 

5.02918E+05 

-8.59568E+05 

g50 

-1.20374E+05 

7.88832E+05 

-1.30404E+06 

g60 

1.81708E+06 

-1.23890E+07 

2.1 1381E+07 

got 

-9.14861E+01 

6.31569E+02 

-1.0971 1E+03 

gll 

1.19217E+03 

-8.30906E+03 

1.44699E+04 

g21 

4.59707E+03 

-3.25371E+04 

5.703 15E+04 

g31 

-2.84661E+05 

1.973 17E+06 

-3.40987E+06 

g41 

9.25033E+05 

-6.43509E+06 

1.1 1452E+07 

g5l 

6.92229E+06 

-4.76125E+07 

8.16958E+07 

g6l 

-2.97399E+07 

2.05486E+08 

-3.54047E+08 

g02 

2.83020E+02 

-1.90412E+03 

3.18232E+03 

gl2 

3.14761E+03 

-2.34954E+04 

4.40944E+04 

g22 

-2.28184E+04 

1.51 1 13E+05 

-2.55473E+05 

g32 

-1.16591E+06 

8.23503E+06 

-1.45832E+07 

g42 

9.64683E+06 

-6.78984E+07 

1 . 1 9862E+08 

g52 

3.1 1066E+07 

-2.19343E+08 

3.88339E+08 

g62 

-2.51008E+08 

1.77322E+09 

-3.14228E+09 

g03 

6.13303E+03 

-4.25387E+04 

7.385 10E+04 

gl3 

1.01855E+04 

-6.54492E+04 

1.03049E+05 

g23 

-4.96757E+05 

3.46040E+06 

-5.98698E+06 

g33 

1.07243E+07 

-7.46748E+07 

1.29767E+08 

g43 

-4.19358E+07 

2.93302E+08 

-5.13312E+08 

g53 

-2.51573E+08 

1.74325E+09 

-3.01784E+09 

g63 

1.25729E+09 

-8.7681 1E+09 

1.52982E+10 

g04 

2.86989E+04 

-2.01457E+05 

3.52166E+05 

gl4 

1.79985E+05 

-1.18802E+06 

1.92896E+06 

g24 

-1.75209E+06 

1.22438E+07 

-2.10047E+07 

g34 

3.63646E+07 

-2.58230E+08 

4.59567E+08 

g44 

-2.52346E+08 

1.79259E+09 

-3.20182E+09 

g54 

-8.04798E+08 

5.73434E+09 

-1.02652E+10 

g64 

6.20493E+09 

-4.43350E+10 

7.96224E+10 

ho 

1.76570E-02 

-2.29972E-01 

5.88874E-01 

hi 

-5.14300E+01 

3.50358E+02 

-5.94881E+02 

^2 

-4.35070E+02 

3.043 10E+03 

-5.31267E+03 

^3 

9.1 1675E+03 

-6.20757E+04 

1.05320E+05 

h 4 

5.391 11E+04 

-3.72673E+05 

6.42652E+05 

h 5 

-3.13646E+05 

2.13864E+06 

-3.63397E+06 

h 6 

-1.61357E+06 

1.10854E+07 

-1.89924E+07 


Probe 4 

Co 

Ci 

c 2 

eo 

-8.93998E+00 

6.426 14E+01 

-1.17114E+02 

e i 

-2.48747E+02 

1.43173E+03 

-2.51770E+03 

goo 

-1.54453E+01 

1.06402E+02 

-1.82814E+02 

gio 

-8.00191E+01 

5.80807E+02 

-1.01700E+03 

g20 

-1.08424E+03 

7.69968E+03 

-1.36075E+04 

g30 

2.93399E+03 

-2.18828E+04 

4.03700E+04 

g40 

1.47957E+05 

-1.03710E+06 

1.81016E+06 

g50 

2.10913E+04 

-1.15919E+05 

1.50500E+05 

g60 

-3.32085E+06 

2.32445E+07 

-4.05240E+07 

got 

-1.14034E+02 

7.79439E+02 

-1.33220E+03 

gll 

5.63446E+01 

-1.51803E+02 

-1.40722E+02 

g21 

3.45452E+03 

-2.67822E+04 

5.00046E+04 

g31 

-3.14673E+04 

2.0884 1E+05 

-3.46867E+05 

g41 

-5.97429E+05 

4.36618E+06 

-7.90760E+06 

g51 

1.03835E+06 

-7.13337E+06 

1.22827E+07 

gsi 

1.67907E+07 

-1.20716E+08 

2.15693E+08 

g02 

1.84296E+03 

-1.26530E+04 

2.16995E+04 

gl2 

5.62245E+03 

-3.89676E+04 

6.69478E+04 

%21 

1.31002E+05 

-9.05809E+05 

1.55258E+06 

%yi 

1.14078E+06 

-7.80542E+06 

1.33535E+07 

g42 

-2.70783E+07 

1.87443E+08 

-3.23006E+08 

g52 

-3.73667E+07 

2.56359E+08 

-4.39520E+08 

g62 

6.66840E+08 

-4.62010E+09 

7.97229E+09 

g03 

4.77055E+03 

-3.26474E+04 

5.58627E+04 

gl3 

4.790 18E+03 

-4.16670E+04 

8.64340E+04 

g23 

9.49370E+03 

-1.93490E+03 

-8.63900E+04 

g33 

-9.32690E+04 

1.00744E+06 

-2.31055E+06 

g43 

8.38899E+06 

-6.50124E+07 

1.23289E+08 

g53 

9.54230E+06 

-6.89346E+07 

1.22783E+08 

g63 

-3.59275E+08 

2.63199E+09 

-4.77916E+09 

g04 

-4.27460E+04 

2.93548E+05 

-5.03830E+05 

gl4 

-1.47420E+05 

1.00825E+06 

-1.71125E+06 

g24 

-5.12436E+06 

3.53795E+07 

-6.07106E+07 

g34 

-3.97431E+07 

2.74524E+08 

-4.73744E+08 

g44 

8.91541E+08 

-6.17935E+09 

1.06672E+10 

g54 

1.15509E+09 

-7.98142E+09 

1.37792E+10 

gS4 

-2.12202E+10 

1.47317E+1 1 

-2.54785E+11 

ho 

-3.84745E-01 

2.67907E+00 

-4.65132E+00 

hi 

1.75249E+01 

-1.14040E+02 

1.81 130E+02 

^2 

4.36109E+02 

-3.03384E+03 

5.24908E+03 

^3 

-2.89600E+03 

1.9201 1E+04 

-3.14326E+04 

h 4 

-4.00697E+04 

2.78484E+05 

-4.81482E+05 

h 5 

5.82415E+04 

-3.81513E+05 

6.14702E+05 

h 6 

7.48707E+05 

-5.19192E+06 

8.95180E+06 
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Table 9. Continued 


Probe 5 

Co 

Ci 

c 2 

e 0 

-7.58893E+00 

5.21403E+01 

-8.84899E+01 

e i 

-2.38266E+02 

1.34723E+03 

-2.33361E+03 

goo 

-1.43798E+01 

9.93393E+01 

-1.70566E+02 

gio 

3.58359E+01 

-2.23727E+02 

3.73569E+02 

g20 

9.99352E+02 

-6.86792E+03 

1.18025E+04 

g30 

-1.19075E+03 

7.71276E+03 

-1.23314E+04 

g40 

-7.38645E+04 

5.09813E+05 

-8.79998E+05 

g50 

1.1 1740E+05 

-7.80120E+05 

1.35835E+06 

g60 

1.55877E+06 

-1.07984E+07 

1.87166E+07 

got 

-4.82183E+01 

3.18870E+02 

-5.28083E+02 

gll 

5.56140E+02 

-3.80700E+03 

6.57192E+03 

g21 

-2.51646E+04 

1.73193E+05 

-2.97353E+05 

g31 

-6.01002E+04 

4.13774E+05 

-7.11307E+05 

g41 

1.77666E+06 

-1.21816E+07 

2.07840E+07 

g5l 

9.93443E+05 

-6.78904E+06 

1.15847E+07 

g6l 

-3.02195E+07 

2.06232E+08 

-3.50204E+08 

g02 

-5.10645E+00 

5.98974E+01 

-1.39674E+02 

gl2 

-6.95895E+03 

4.54752E+04 

-7.37580E+04 

g22 

8.99915E+04 

-6.22696E+05 

1.07220E+06 

g32 

8.99449E+04 

-5.74576E+05 

9.02948E+05 

g42 

-2.19728E+06 

1.44466E+07 

-2.33919E+07 

g52 

-2.14262E+06 

1.67220E+07 

-3.21282E+07 

g62 

6.57040E+07 

-4.26447E+08 

6.80966E+08 

g03 

1.88317E+03 

-1.24557E+04 

2.06773E+04 

gl3 

-4.84742E+03 

3.32946E+04 

-5.77255E+04 

g23 

7.305 14E+05 

-5.04525E+06 

8.70248E+06 

g33 

2.74687E+06 

-1.90262E+07 

3.28425E+07 

g43 

-6.60524E+07 

4.52758E+08 

-7.74342E+08 

g53 

-5.45888E+07 

3.79413E+08 

-6.56655E+08 

g63 

1.23127E+09 

-8.39929E+09 

1.42961E+10 

g04 

3.2748 1E+04 

-2.26745E+05 

3.91065E+05 

gl4 

2.75136E+05 

-1.83396E+06 

3.04524E+06 

g24 

-6.10697E+06 

4.21889E+07 

-7.26135E+07 

g34 

-1.60883E+06 

1.00142E+07 

-1.59152E+07 

g44 

2.82945E+08 

-1.92984E+09 

3.27505E+09 

g54 

-7.61622E+07 

4.72509E+08 

-7.01938E+08 

g64 

-6.64617E+09 

4.50067E+10 

-7.57732E+10 

ho 

6.20854E-01 

-4.27609E+00 

7.29507E+00 

hi 

-9.82474E+00 

6.07864E+01 

-9.54089E+01 

^2 

-8.74863E+02 

6.05575E+03 

-1.04243E+04 

^3 

9.51 151E+02 

-5.77012E+03 

8.71087E+03 

h 4 

7.31359E+04 

-5.06440E+05 

8.71801E+05 

h 5 

-3.84031E+04 

2.47104E+05 

-3.98127E+05 

h 6 

-1.41976E+06 

9.82773E+06 

-1.69098E+07 


Probe 6 

Co 

Ci 

c 2 

eo 

1.88494E+01 

-1.30341E+02 

2.291 14E+02 

e i 

-2.0059 1E+02 

1.09473E+03 

-1.93565E+03 

goo 

-1.25572E+01 

8.63865E+01 

-1.48374E+02 

gio 

-8.26091E+01 

5.71569E+02 

-9.49025E+02 

g20 

2.58160E+03 

-1.78748E+04 

3.091 13E+04 

g30 

7.59168E+02 

-3.69452E+03 

3.35359E+03 

g40 

-8.561 15E+04 

5.76801E+05 

-9.70239E+05 

g50 

1.16187E+05 

-8.61133E+05 

1.59096E+06 

g60 

1.03483E+06 

-6.69588E+06 

1.07840E+07 

got 

-2.44007E+02 

1.69444E+03 

-2.94499E+03 

gll 

2.31 122E+02 

-1.35537E+03 

1.99747E+03 

g21 

6.39156E+03 

-4.56956E+04 

8.08018E+04 

g31 

-8.77472E+04 

6.04732E+05 

- 1 .042 1 8E+06 

g41 

1.04886E+05 

-6.60505E+05 

1.03171E+06 

g51 

2.05509E+06 

-1.42725E+07 

2.48042E+07 

gsi 

-4.31076E+06 

2.85756E+07 

-4.73775E+07 

g02 

2.52482E+03 

-1.74772E+04 

3.01932E+04 

gl2 

1.46927E+04 

-9.95600E+04 

1.67769E+05 

%21 

-3.16404E+05 

2.18892E+06 

-3.77505E+06 

g32 

8.81921E+05 

-6.43293E+06 

1.16886E+07 

g42 

6.6342 1E+06 

-4.33899E+07 

7.02244E+07 

g52 

-4.27599E+07 

3.04952E+08 

-5.42039E+08 

g62 

-8.80642E+06 

-2.22934E+07 

1.90389E+08 

g03 

1.09054E+04 

-7.58863E+04 

1.32188E+05 

gl3 

-3.90714E+03 

2.33496E+04 

-3.46012E+04 

g23 

-3.37442E+05 

2.43342E+06 

-4.37673E+06 

g33 

2.49406E+06 

-1.73504E+07 

3.02275E+07 

g43 

-3.82314E+06 

2.04542E+07 

-2.44095E+07 

g53 

-3.62471E+07 

2.56883E+08 

-4.57598E+08 

g63 

1.31328E+08 

-7.89905E+08 

1.14667E+09 

g04 

-7.19724E+04 

4.97928E+05 

-8.59274E+05 

gl4 

-4.21469E+05 

2.84379E+06 

-4.77398E+06 

g24 

5.97034E+06 

-4.09680E+07 

6.99835E+07 

g34 

-2.99230E+07 

2.18469E+08 

-3.97067E+08 

g44 

4.71562E+07 

-4.23054E+08 

9.06726E+08 

g54 

1.21472E+09 

-8.71020E+09 

1.55608E+10 

gS4 

-3.57967E+09 

2.764 18E+ 10 

-5.28686E+10 

ho 

-9.95764E-01 

7.043 15E+00 

-1.24299E+01 

hi 

-1.59227E+01 

1.21480E+02 

-2.331 15E+02 

^2 

8.98016E+02 

-6.36004E+03 

1.12331E+04 

^3 

2.01637E+03 

-1.54906E+04 

2.97348E+04 

h 4 

-8.17224E+04 

5.79684E+05 

-1.02590E+06 

h 5 

-7.25620E+04 

5.46768E+05 

-1.03005E+06 

h 6 

1.72105E+06 

-1.22442E+07 

2.17375E+07 




Table 9. Concluded 


Probe 7 

Co 

Ci 

c 2 

e 0 

-2.12000E+01 

1.46699E+02 

-2.57895E+02 

e i 

-2.68825E+02 

1.59565E+03 

-2.85526E+03 

goo 

-1.65041E+01 

1.1541 1E+02 

-2.01710E+02 

gio 

1.25020E+02 

-8.53189E+02 

1.51258E+03 

g20 

6.44569E+02 

-4.51063E+03 

7.88941E+03 

g30 

-1.89425E+03 

1.27694E+04 

-2.14655E+04 

g40 

-4.20841E+04 

2.95235E+05 

-5.18377E+05 

g50 

4.693 18E+04 

-3.40585E+05 

6.14904E+05 

g60 

8.84867E+05 

-6.19482E+06 

1.08715E+07 

goi 

-3.37281E+01 

2.25640E+02 

-3.84842E+02 

gll 

7.43156E+02 

-5.23723E+03 

9.22523E+03 

g21 

-2.67948E+04 

1.90015E+05 

-3.36334E+05 

g3l 

-1.62591E+05 

1.14301E+06 

-2.00619E+06 

g41 

2.19438E+06 

-1.54688E+07 

2.71598E+07 

g5l 

4.77502E+06 

-3.33065E+07 

5.79988E+07 

g6l 

-4.52570E+07 

3.16983E+08 

-5.53190E+08 

g02 

1.70424E+02 

-1.23723E+03 

2.22448E+03 

gl2 

-2.42798E+04 

1.70142E+05 

-2.97270E+05 

g22 

2.40584E+05 

-1.71490E+06 

3.051 15E+06 

g32 

2.15128E+06 

-1.52503E+07 

2.69491E+07 

g42 

-1.63870E+07 

1.17130E+08 

-2.08920E+08 

g52 

-6.87146E+07 

4.90013E+08 

-8.71209E+08 

g62 

4.71509E+08 

-3.36881E+09 

6.00394E+09 

g03 

2.42948E+03 

-1.65682E+04 

2.86220E+04 

gl3 

9.39154E+03 

-6.79798E+04 

1.20265E+05 

g23 

6.91308E+05 

-4.89160E+06 

8.61102E+06 

g33 

7.896 13E+06 

-5.52030E+07 

9.64933E+07 

g43 

-8.51345E+07 

5.95341E+08 

-1.03696E+09 

g53 

-2.92030E+08 

2.03590E+09 

-3.54780E+09 

g63 

2.091 16E+09 

-1.45326E+10 

2.51795E+10 

g04 

3.93001E+04 

-2.77735E+05 

4.90044E+05 

gl4 

9.20904E+05 

-6.46473E+06 

1.13089E+07 

g24 

-1.19280E+07 

8.48641E+07 

-1.50648E+08 

g34 

-7.75274E+07 

5.48189E+08 

-9.66848E+08 

g44 

8.19722E+08 

-5.84389E+09 

1.03953E+10 

g54 

2.66879E+09 

-1.89482E+10 

3.35721E+10 

g64 

-2.29761E+10 

1.63641E+1 1 

-2.90814E+11 

ho 

1.66709E-01 

-8.75511E-01 

9.23253E-01 

hi 

-2.34065E+01 

1.65997E+02 

-2.98513E+02 

^2 

-1.85854E+03 

1.30764E+04 

-2.29602E+04 

^3 

4.16490E+03 

-2.93414E+04 

5.15683E+04 

h 4 

1.84053E+05 

-1.29627E+06 

2.27875E+06 

h 5 

-1.99711E+05 

1.40626E+06 

-2.47157E+06 

h 6 

-4.11299E+06 

2.89786E+07 

-5.09639E+07 


Probe 8 

Co 

Ci 

c 2 

eo 

5.40305E+00 

-3.27632E+01 

5.23908E+01 

e i 

-2.57717E+02 

1.51 149E+03 

-2.68576E+03 

goo 

-1.71932E+01 

1.19514E+02 

-2.07672E+02 

gio 

-3.69378E+01 

2.47179E+02 

-3.73840E+02 

g20 

3.76754E+03 

-2.62673E+04 

4.57127E+04 

g30 

-1.39833E+03 

1.1 1524E+04 

-2.16313E+04 

g40 

-1.67099E+05 

1.16216E+06 

-2.0191 1E+06 

g50 

2.40042E+05 

-1.72731E+06 

3.08963E+06 

g60 

1.86434E+06 

-1.28406E+07 

2.21326E+07 

goi 

-2.71856E+02 

1.88810E+03 

-3.27596E+03 

gll 

7.31 147E+02 

-4.83174E+03 

7.86765E+03 

g21 

1.30027E+04 

-9.20615E+04 

1.62008E+05 

g31 

-1.36977E+05 

9.2743 1E+05 

-1.55717E+06 

g41 

-3.60943E+04 

4.10803E+05 

-1.01801E+06 

g51 

2.76224E+06 

-1.82980E+07 

2.99446E+07 

gsi 

-4.46144E+06 

2.56506E+07 

-3.42584E+07 

g02 

2.2397 1E+03 

-1.54150E+04 

2.64504E+04 

gl2 

1.84299E+04 

-1.26954E+05 

2.18001E+05 

%21 

-5.17267E+05 

3.61174E+06 

-6.28847E+06 

g32 

1.26002E+06 

-8.97946E+06 

1.59477E+07 

g42 

2.04529E+07 

-1.42831E+08 

2.487 18E+08 

g52 

-6.41988E+07 

4.52208E+08 

-7.94039E+08 

g62 

-1.78857E+08 

1.24390E+09 

-2.15744E+09 

g03 

1.18854E+04 

-8.24339E+04 

1.42864E+05 

gl3 

-2.77833E+04 

1.84070E+05 

-3.01788E+05 

g23 

-5.88781E+05 

4.14832E+06 

-7.27701E+06 

g33 

6.7954 1E+06 

-4.63021E+07 

7.84414E+07 

g43 

-8.11797E+06 

4.99906E+07 

-7.54196E+07 

g53 

-1.17690E+08 

7.80266E+08 

-1.28058E+09 

g63 

3.56674E+08 

-2.24908E+09 

3.48056E+09 

g()4 

-6.55875E+04 

4.51 1 12E+05 

-7.74279E+05 

gl4 

-4.51194E+05 

3.10883E+06 

-5.3441 1E+06 

g24 

1.12151E+07 

-7.81910E+07 

1.3593 1E+08 

g34 

-5.24949E+07 

3.70919E+08 

-6.52844E+08 

g44 

-2.34407E+08 

1.62910E+09 

-2.82256E+09 

g54 

2.09020E+09 

-1.46772E+10 

2.56814E+10 

gS4 

-1.24221E+09 

8.93449E+09 

-1.59987E+10 

ho 

-1.34655E+00 

9.39065E+00 

-1.63307E+01 

hi 

-3.07352E+01 

2.2385 1E+02 

-4.11001E+02 

^2 

9.87095E+02 

-6.84763E+03 

1.18504E+04 

^3 

3.24787E+03 

-2.34539E+04 

4.25092E+04 

h 4 

-8.91924E+04 

6.19363E+05 

-1.07309E+06 

h 5 

-9.73567E+04 

6.97184E+05 

-1.25246E+06 

h 6 

1.82448E+06 

-1.26788E+07 

2.19884E+07 


59 




Table 10. Coefficients for the rake 2 correlated angle of sideslip 


Probe 1 

Co 

Ci 

c 2 

e 0 

1.63664E+01 

-1.31007E+02 

2.40566E+02 

e i 

-2.47966E+02 

1.42271E+03 

-2.49662E+03 

goo 

-1.11270E+01 

8.01469E+01 

-1.42998E+02 

gto 

-4.435 11E+01 

2.92770E+02 

-5.03135E+02 

g20 

2.58802E+02 

-1.80624E+03 

3.1 1768E+03 

g30 

1.21942E+04 

-8.69778E+04 

1.54477E+05 

g40 

-4.76179E+04 

3.39857E+05 

-6.04621E+05 

g50 

-5.55601E+05 

3.93142E+06 

-6.93070E+06 

g60 

2.50199E+06 

-1.77161E+07 

3.12674E+07 

got 

-1.50989E+02 

1.06805E+03 

-1.88804E+03 

gll 

-1.52208E+03 

1.03384E+04 

-1.75657E+04 

g2l 

3.03350E+04 

-2.15229E+05 

3.79829E+05 

g3l 

-1.03459E+05 

7.86447E+05 

- 1 .47 1 86E+06 

g41 

-4.85488E+05 

3.30300E+06 

-5.62040E+06 

g51 

3.39007E+06 

-2.59446E+07 

4.87894E+07 

g6l 

-7.54753E+06 

6.06857E+07 

-1.18181E+08 

g02 

3.389 13E+02 

-2.27826E+03 

3.82433E+03 

gl2 

-4.45860E+02 

7.30856E+02 

2.49588E+03 

g22 

-6.91074E+04 

4.93970E+05 

-8.87026E+05 

g32 

-2.24608E+06 

1.62671E+07 

-2.9281 1E+07 

g42 

1.51384E+07 

-1.09028E+08 

1.96019E+08 

g52 

1.07674E+08 

-7.73350E+08 

1.38209E+09 

g62 

-5.99415E+08 

4.30344E+09 

-7.70075E+09 

g03 

1.17880E+04 

-8.30981E+04 

1.46215E+05 

gl3 

7.44955E+04 

-5.03508E+05 

8.49550E+05 

g23 

-2.00756E+06 

1.41663E+07 

-2.48682E+07 

g33 

1.36147E+07 

-9.87002E+07 

1.77586E+08 

g43 

-7.29606E+06 

5.56880E+07 

-1.06122E+08 

g53 

-3.30207E+08 

2.45125E+09 

-4.49873E+09 

g63 

1.17882E+09 

-8.75654E+09 

1.61064E+10 

g04 

3.98470E+04 

-2.82557E+05 

4.98666E+05 

gl4 

1.81 109E+05 

-1.17290E+06 

1.89543E+06 

g24 

-3.42488E+06 

2.3875 1E+07 

-4.11400E+07 

g34 

1.15774E+08 

-8.31112E+08 

1.48407E+09 

g44 

-5.18995E+08 

3.72248E+09 

-6.66796E+09 

g54 

-3.97087E+09 

2.86319E+10 

-5.13362E+10 

g64 

2.02542E+10 

-1.45812E+11 

2.61509E+1 1 

ho 

-1.53649E+00 

1.05675E+01 

-1.82287E+01 

hi 

-1.89951E+01 

1.2833 1E+02 

-2.18135E+02 

^2 

6.87560E+02 

-4.78866E+03 

8.34260E+03 

^3 

5.02645E+03 

-3.46466E+04 

5.96679E+04 

h 4 

-2.84345E+04 

2.00034E+05 

-3.52566E+05 

h 5 

-1.45333E+05 

9.97888E+05 

-1.71208E+06 

h 6 

1.52780E+05 

-1.15306E+06 

2.17583E+06 


Probe 2 

Co 

Ci 

c 2 

eo 

-2.12385E+00 

1 .48 1 99E+0 1 

-2.47838E+01 

e i 

-2.34235E+02 

1.28717E+03 

-2.1761 1E+03 

goo 

-1.52993E+01 

1.00481E+02 

-1.64659E+02 

gio 

5.06475E+01 

-3.231 16E+02 

5.58472E+02 

g20 

-1.26924E+03 

8.66393E+03 

-1.46856E+04 

g30 

-2.85418E+03 

1.85579E+04 

-2.97934E+04 

g40 

1.46655E+05 

-9.93188E+05 

1.67603E+06 

g50 

9.34860E+04 

-6.15960E+05 

1.0053 1E+06 

g60 

-2.95568E+06 

2.00357E+07 

-3.38730E+07 

goi 

-7.04598E+01 

4.49736E+02 

-7.20840E+02 

gll 

1.13104E+02 

-5.90941E+02 

7.30974E+02 

g21 

-5.50253E+02 

4.51649E+03 

-9.28398E+03 

g31 

-1.01498E+04 

5.46222E+04 

-7.17123E+04 

g41 

-4.52460E+04 

2.84739E+05 

-4.45613E+05 

g51 

2.02007E+05 

-1.12985E+06 

1.60088E+06 

gsi 

3.19634E+06 

-2.15154E+07 

3.5953 1E+07 

g02 

2.0591 1E+03 

-1.36784E+04 

2.27003E+04 

gl2 

-1.06155E+04 

7.15377E+04 

-1.20190E+05 

%21 

-1.16784E+04 

7.69833E+04 

-1.23955E+05 

g32 

2.218 18E+06 

-1.47551E+07 

2.44374E+07 

g42 

-1.33794E+07 

9.05328E+07 

-1.53300E+08 

g52 

-5.09009E+07 

3.37252E+08 

-5.55978E+08 

g62 

3.58683E+08 

-2.43202E+09 

4.12668E+09 

g03 

3.0373 1E+03 

-1.94336E+04 

3.12230E+04 

gl3 

-1.81280E+04 

1 . 1 7024E+05 

-1.89139E+05 

g23 

-1.31861E+05 

7.8995 1E+05 

-1.15024E+06 

g33 

9.79969E+05 

-6.26474E+06 

1.01429E+07 

g43 

-1.69257E+06 

1.73464E+07 

-3.99601E+07 

g53 

-1.76643E+06 

8.61800E+06 

-1.40709E+07 

g63 

3.858 12E+07 

-3.69507E+08 

8.23009E+08 

g()4 

-4.88009E+04 

3.25176E+05 

-5.41061E+05 

gl4 

4.33145E+05 

-2.92300E+06 

4.92133E+06 

g24 

-1.44237E+06 

9.78142E+06 

-1.66610E+07 

g34 

-8.20237E+07 

5.47950E+08 

-9.12339E+08 

g44 

5.1 1994E+08 

-3.46514E+09 

5.86630E+09 

g54 

1.78228E+09 

-1.18602E+10 

1.96615E+10 

gS4 

-1.25740E+10 

8.52932E+10 

-1.44745E+11 

ho 

-1.61603E+00 

1.10300E+01 

-1.881 16E+01 

hi 

5.00632E+00 

-3.31428E+01 

4.94988E+01 

^2 

5.94578E+02 

-3.96579E+03 

6.5971 1E+03 

^3 

-1.94868E+03 

1.31955E+04 

-2.20309E+04 

h 4 

-4.623 10E+04 

3.07959E+05 

-5.11761E+05 

h 5 

3.12068E+04 

-2.12805E+05 

3.55713E+05 

h 6 

8.38561E+05 

-5.58389E+06 

9.27910E+06 




Table 10. Continued 


Probe 3 

Co 

Ci 

c 2 

e 0 

7.50908E-01 

-3.39968E+00 

8.74067E+00 

e i 

-2.85366E+02 

1.67965E+03 

-2.93561E+03 

goo 

-7.3797 1E+00 

5.12938E+01 

-8.85241E+01 

gio 

8.28284E+00 

-6.44275E+01 

1.1 1613E+02 

g20 

9.33676E+02 

-6.72200E+03 

1.20260E+04 

g30 

8.04358E+03 

-5.71969E+04 

1.013 12E+05 

g40 

-1.04970E+05 

7.54292E+05 

-1.34861E+06 

g50 

-1.66025E+05 

1.17203E+06 

-2.06290E+06 

g60 

2.48009E+06 

-1.77613E+07 

3.16740E+07 

got 

-1.85757E+02 

1.26449E+03 

-2.15075E+03 

gll 

2.03847E+03 

-1.41914E+04 

2.46775E+04 

g21 

4.18036E+03 

-2.68325E+04 

4.24606E+04 

g31 

-1.57415E+05 

1.09101E+06 

-1.88336E+06 

g41 

-2.47490E+05 

1.59349E+06 

-2.57668E+06 

g5l 

1.99192E+06 

-1.37025E+07 

2.345 16E+07 

g6l 

8.04187E+06 

-5.43748E+07 

9.23178E+07 

g02 

1.02881E+01 

5.86389E+01 

-3.52207E+02 

gl2 

-1.05591E+04 

7.08167E+04 

-1.18603E+05 

g22 

-2.38150E+05 

1.69560E+06 

-3.00298E+06 

g32 

-4.435 14E+05 

3.35208E+06 

-6.23499E+06 

g42 

2.75662E+07 

-1.95958E+08 

3.46665E+08 

g52 

8.13516E+06 

-6.25137E+07 

1 . 1 7987E+08 

g62 

-5.84586E+08 

4.16386E+09 

-7.38029E+09 

g03 

6.61996E+03 

-4.48690E+04 

7.60556E+04 

gl3 

-9.41046E+04 

6.55655E+05 

-1.13859E+06 

g23 

-9.69985E+05 

6.60408E+06 

-1.12135E+07 

g33 

7.3567 1E+06 

-5.09548E+07 

8.78627E+07 

g43 

6.80984E+07 

-4.66950E+08 

7.99073E+08 

g53 

-9.3409 1E+07 

6.43400E+08 

-1.10120E+09 

g63 

-1.49087E+09 

1.02744E+10 

-1.76734E+10 

g04 

2.52562E+04 

-1.80356E+05 

3.20233E+05 

gl4 

5.57573E+05 

-3.80772E+06 

6.49247E+06 

g24 

7.23939E+06 

-5.08154E+07 

8.87677E+07 

g34 

-4.62460E+05 

-5.15166E+06 

2.25424E+07 

g44 

-8.2083 1E+08 

5.78304E+09 

-1.01398E+10 

g54 

1.16092E+08 

-5.92066E+08 

6.66500E+08 

g64 

1.61221E+10 

-1.14063E+11 

2.00748E+1 1 

ho 

-2.48774E-01 

1.88198E+00 

-3.52794E+00 

hi 

3.52020E+00 

-3.46097E+01 

7.491 16E+01 

^2 

1.51755E+02 

-1.13900E+03 

2.14369E+03 

^3 

4.8635 1E+02 

-2.42007E+03 

2.85363E+03 

h 4 

-1.83168E+04 

1.33833E+05 

-2.45753E+05 

h 5 

-1.68984E+04 

9.91873E+04 

-1.49400E+05 

h 6 

5.29429E+05 

-3.80171E+06 

6.86362E+06 


Probe 4 

Co 

Ci 

c 2 

eo 

-1.50631E+01 

8.74240E+01 

-1.45353E+02 

e i 

-2.04670E+02 

1.09721E+03 

-1.87859E+03 

goo 

-1.67334E+01 

1.1 1498E+02 

-1.82093E+02 

gio 

1.06160E+02 

-6.665 12E+02 

1.12162E+03 

g20 

2.56669E+03 

-1.72719E+04 

2.90257E+04 

g30 

8.92419E+03 

-6.24780E+04 

1.08607E+05 

g40 

-6.04859E+04 

4.00154E+05 

-6.62767E+05 

g50 

-5.09403E+05 

3.50093E+06 

-5.98472E+06 

g60 

-1.11 864E+06 

7.83705E+06 

-1.35956E+07 

got 

-2.62614E+01 

1.83064E+02 

-3.24900E+02 

gll 

1.03725E+03 

-6.36492E+03 

9.61288E+03 

g21 

1.32183E+04 

-8.86328E+04 

1.47809E+05 

g31 

-1.69494E+05 

1.08565E+06 

-1.72600E+06 

g41 

-1.81978E+06 

1.20850E+07 

-2.00089E+07 

g51 

5.36782E+06 

-3.47203E+07 

5.58059E+07 

gsi 

4.26055E+07 

-2.81168E+08 

4.62234E+08 

g02 

1.57761E+03 

-1.05040E+04 

1.74801E+04 

gl2 

-1.77895E+04 

1.20448E+05 

-2.03907E+05 

%21 

-1.10622E+05 

7.51540E+05 

-1.28013E+06 

g32 

1.03765E+06 

-6.97335E+06 

1.17667E+07 

g42 

-6.94407E+05 

4.3773 1E+06 

-6.31212E+06 

g52 

8.88152E+06 

-6.15715E+07 

1.03525E+08 

g62 

1.33980E+08 

-9.06109E+08 

1.51352E+09 

g03 

1.05815E+03 

-7.72425E+03 

1.42805E+04 

gl3 

-9.24158E+04 

5.79002E+05 

-8.96257E+05 

g23 

-1.65012E+06 

1.10830E+07 

-1.85309E+07 

g33 

1.12470E+07 

-7.15830E+07 

1.12891E+08 

g43 

1 .62 1 89E+08 

-1.08029E+09 

1.79180E+09 

g53 

-2.58950E+08 

1.63530E+09 

-2.55570E+09 

g63 

-2.94302E+09 

1.94004E+10 

-3.18295E+10 

g04 

-2.85096E+04 

1.87354E+05 

-3.07508E+05 

gl4 

4.29124E+04 

-4.50049E+05 

1.04750E+06 

g24 

-4.80055E+06 

3.20564E+07 

-5.31529E+07 

g34 

1.38259E+07 

-7.75629E+07 

1.01 1 19E+08 

g44 

6.10468E+08 

-4.05999E+09 

6.71462E+09 

g54 

-8.76320E+08 

5.50103E+09 

-8.47199E+09 

gS4 

-1.22579E+10 

8.09756E+10 

-1.32886E+11 

ho 

-4.80525E+00 

3.28337E+01 

-5.66965E+01 

hi 

1.22257E+01 

-8.84939E+01 

1.4763 1E+02 

^2 

2.27932E+02 

-1.51378E+03 

2.52120E+03 

^3 

-5.97843E+03 

4. 11857E+04 

-7.08001E+04 

h 4 

-3.76619E+04 

2.54281E+05 

-4.29506E+05 

h 5 

1.45435E+05 

-1.00829E+06 

1.74236E+06 

h 6 

8.25279E+05 

-5.63157E+06 

9.60147E+06 
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Table 10. Concluded 


Probe 5 

Co 

Ci 

c 2 

e 0 

-4.58248E+01 

3.07207E+02 

-5.408 18E+02 

e i 

-2.17802E+02 

1.21 103E+03 

-2.12292E+03 

goo 

-1.77364E+01 

1.22086E+02 

-2.08973E+02 

gio 

1.04396E+02 

-6.98710E+02 

1.22160E+03 

g20 

-5.90234E+02 

4.13545E+03 

-7.17180E+03 

g30 

1.14460E+03 

-8.98283E+03 

1.72297E+04 

g40 

6.94575E+04 

-4.82139E+05 

8.30749E+05 

g50 

-6.46435E+04 

4.64166E+05 

-8.25035E+05 

g60 

-1.23247E+06 

8.4922 1E+06 

-1.45267E+07 

goi 

-6.67305E+01 

4.52584E+02 

-7.63337E+02 

gll 

-1.69692E+03 

1.17138E+04 

-2.01563E+04 

g2l 

-1.75880E+04 

1.2595 1E+05 

-2.239 14E+05 

g31 

1.87860E+05 

-1.30458E+06 

2.26217E+06 

g41 

1.69360E+06 

-1.19915E+07 

2.10390E+07 

g5l 

-4.6268 1E+06 

3.22970E+07 

-5.62756E+07 

g61 

-2.76294E+07 

1.95396E+08 

-3.42093E+08 

g02 

1.22506E+03 

-8.45984E+03 

1.46101E+04 

gl2 

-2.12141E+04 

1.46520E+05 

-2.52779E+05 

g22 

1.02353E+05 

-7.18744E+05 

1.26552E+06 

g32 

2.30122E+06 

-1.59244E+07 

2.750 12E+07 

g42 

-4.27637E+06 

3.00547E+07 

-5.33905E+07 

g52 

-5.36509E+07 

3.71788E+08 

-6.42822E+08 

g62 

3.81472E+07 

-2.67582E+08 

4.835 14E+08 

g03 

1.30332E+04 

-8.99137E+04 

1.54486E+05 

gl3 

1.19323E+05 

-8.25782E+05 

1.42618E+06 

g23 

3.54122E+05 

-2.77679E+06 

5.33236E+06 

g33 

-4.5255 1E+06 

3.11337E+07 

-5.36627E+07 

g43 

-6.54453E+07 

4.76536E+08 

-8.59265E+08 

g53 

7.19894E+07 

-4.98323E+08 

8.64492E+08 

g63 

7.10788E+08 

-5.35285E+09 

9.89494E+09 

g04 

4.09865E+04 

-2.84079E+05 

4.89344E+05 

gl4 

7.67131E+05 

-5.30614E+06 

9. 1 6437E+06 

g24 

-1.50719E+06 

9.66759E+06 

-1.55352E+07 

g34 

-5.07657E+07 

3.49885E+08 

-6.02802E+08 

g44 

-9.91367E+07 

7.53778E+08 

-1.39568E+09 

g54 

1.10224E+09 

-7.60747E+09 

1.31203E+10 

g64 

6.42946E+08 

-5.88006E+09 

1.21152E+10 

ho 

-2.40896E+00 

1.64565E+01 

-2.83287E+01 

hi 

-7.43476E+01 

5.12282E+02 

-8.84093E+02 

^2 

6.28721E+02 

-4.26246E+03 

7.22893E+03 

^3 

1.62608E+04 

-1.11636E+05 

1.90995E+05 

h 4 

-6.14412E+03 

3.91 100E+04 

-6.3699 1E+04 

h 5 

-7.82438E+05 

5.36648E+06 

-9.17604E+06 

h 6 

-2.23393E+06 

1.53526E+07 

-2.62804E+07 


Probe 6 

Co 

Ci 

c 2 

eo 

9.41 1 13E+00 

-6.45826E+01 

1.09388E+02 

e i 

-3.31 1 12E+01 

-8.71018E+01 

1.37952E+02 

goo 

-1.21460E+01 

8.1 1549E+01 

-1.36367E+02 

gio 

-9.91595E+01 

7.19567E+02 

-1.21142E+03 

g20 

2.23993E+03 

-1.53570E+04 

2.62963E+04 

g30 

6.93066E+03 

-4.74954E+04 

8.14523E+04 

g40 

-7.09375E+04 

4.89834E+05 

-8.46702E+05 

g50 

1.21 156E+04 

-9.63864E+04 

1.77771E+05 

g60 

2.12227E+05 

-1.47580E+06 

2.64168E+06 

goi 

-2.95726E+02 

2.02598E+03 

-3.46773E+03 

gll 

1.09766E+03 

-7.48383E+03 

1.26968E+04 

g21 

4.00358E+04 

-2.74638E+05 

4.69443E+05 

g31 

-4.40562E+04 

3.1 1 180E+05 

-5.43532E+05 

g41 

-1.77974E+06 

1.20908E+07 

-2.05298E+07 

g51 

-9.00395E+05 

5.78695E+06 

-9.34054E+06 

gsi 

2.83380E+07 

-1.91013E+08 

3.22223E+08 

g02 

1.501 15E+03 

-1.01490E+04 

1.71251E+04 

gl2 

9.85623E+03 

-6.42635E+04 

1.04024E+05 

%21 

-4.64180E+05 

3.21362E+06 

-5.54939E+06 

g32 

1.34186E+06 

-9.46407E+06 

1.65943E+07 

g42 

1.96424E+07 

-1.37153E+08 

2.39050E+08 

g52 

-5.26100E+07 

3.6466 1E+08 

-6.28794E+08 

g62 

-2.13313E+08 

1.51423E+09 

-2.68673E+09 

g03 

1.35031E+04 

-9.2509 1E+04 

1.58366E+05 

gl3 

-3.69536E+04 

2.47836E+05 

-4.13616E+05 

g23 

-2.07435E+06 

1.42360E+07 

-2.43663E+07 

g33 

1.24228E+06 

-8.57302E+06 

1.47038E+07 

g43 

1.02243E+08 

-6.99009E+08 

1 . 1 9290E+09 

g53 

1.03915E+08 

-7.07414E+08 

1.20193E+09 

g63 

-1.78469E+09 

1.21694E+10 

-2.07259E+10 

g()4 

-4.53724E+04 

3.08269E+05 

-5.22752E+05 

gl4 

-1.05503E+04 

-5.48919E+04 

3.21084E+05 

g24 

1.111 14E+07 

-7.7305 1E+07 

1.34133E+08 

g34 

-8.20677E+07 

5.74757E+08 

-1.00314E+09 

g44 

-2.67376E+08 

1.90725E+09 

-3.39369E+09 

g54 

2.61737E+09 

-1.81667E+10 

3.14234E+10 

gS4 

-1.33672E+08 

-4.85091E+08 

3.38576E+09 

ho 

1.50066E-01 

-1.17572E+00 

2.24643E+00 

hi 

-7.20377E+01 

4.94718E+02 

-8.60175E+02 

^2 

3.39921E+02 

-2.41537E+03 

4.27383E+03 

^3 

7.17691E+03 

-4.94679E+04 

8.51710E+04 

h 4 

-3.03414E+04 

2.14445E+05 

-3.77257E+05 

h 5 

-1.81374E+05 

1.24771E+06 

-2.14549E+06 

h 6 

5.29298E+05 

-3.74625E+06 

6.59437E+06 
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Mach Error 


o 


- 0.01 


- 0.02 


-0.03 


-0.04 I — 
1 .9 


Mach Number Assuming Perfect Recovery 



Mach number computed from normal shock theory for y = 1 .4 

2 2.1 2.2 2.3 2.4 2.5 2.6 

Actual Mach Number, M 1 


Nozzle 



Figure 1. Mach number error due to total pressure recovery. 
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Surface "A" 



Section A-A 



Figure 2. 10° wedge probe design. 






Vent Slot 



0.75 in. 


< 



Figure 4. 2 X 4 cone-probe rake assembly. 








y-direction into page 


Figure 6. Wedge installation. 
















Articulation Directions 



Test Section Centerline 


UPWT Test Section 1 and 2 


Test Section Window 



Figure 8. Cone-probe rake installation. 






Cone-Probe Interpolation Region 



Tunnel Floor 


Figure 9. Wedge positioning for cone -probe calibration. 
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AMS Pitch-Roll Sensor 



Laptop Computer and Signal Conditioning Equipment 

Figure 1 1 . Langley angle measurement system. 
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Reference Line 


Atmosphere 


Ruska 6200 


15 

psia 

PCU 


Calibration Line 


Atmosphere 


±5 

psid 

PCU 


Atmosphere 



S3200 

±5 

psid 

ESP 




Figure 12. ESP scanner reference pressure arrangement. 
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Figure 15. Boundary layer displacement effect on oblique shock. 


Circles: Conditions where M-, ,= M-, 


Method I Mi 

Constant P t3n A/Pt2n for M 1AJ 
or P t3 nB/Pt2n for M 1B , 


Method II Mi M : 
Constant P t2n /P2A for M 
or P t 2n/P 2 B for M 1B ,|| 
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Wedge Surface Turning Angles, 6 A eff, ^Beft (deg) 


Figure 16. Freestream Mach number variation with calculation method for 10° wedge. 




Pt2n/Pt0 Pt2n/Pt0 Pt2n/Pt0 



10 14 18 22 26 18 22 26 30 34 


z (in) y (in) 

UPWT TS 1, M set = 2.15 



z (in) y (in) 

UPWT TS 2, M set = 2.29 



Figure 17. Freestream normal shock recovery distribution. 
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A Upright, z=1 6.24 
▲ Inverted, z=16.24 
□ Upright, z=1 9.73 
■ Inverted, z=19.73 






a Upright, z=16.24 
▲ Inverted, z=16.24 
□ Upright, z=19.73 
■ Inverted, z=19.73 
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-2-101234 
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-3-2-10123 

C^wcorr (deg) 


Upflow 


Crossflow 


UPWT Test Section 1, M set = 2.15 


Figure 19. Tunnel upflow and crossflow derivation. 
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[4, = -£ 0 = 0.193° 
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-3-2-10123 

OCwcorr (deg) 

Upflow 
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-3-2-10123 

C^Wcorr (deg) 

Crossflow 


UPWT Test Section 2, M set = 2.29 

Figure 19. Continued. 
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Upflow 


Crossflow 


UPWT Test Section 2, M set = 2.40 


Figure 19. Concluded. 















UPWT TS 1 


UPWT TS 2 



15 16 17 18 19 20 


z (in) 

Figure 23. Linear test section Mach number distribution (z-cirection) for various 

calculation methods. 
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Pti/Pto Pti/Pto 


UPWT TS 1 


UPWT TS 2 



15 16 17 18 19 20 


z (in) 

Figure 24. Linear test section total pressure recovery distribution (z-direction) for various 

calculation methods. 
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(AMi/Mi)/(AP2/P2) (AMi/Mi)/(APt3/Pt3) 
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Method I Mach Sensitivity 
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I l l l l I l l l l I l l l l I l l l l I l l l l I 
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2 2.1 2.2 2.3 2.4 2.5 


M 1 


Figure 26. Comparison of Mach number sensitivity to wedge inclination. 
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PA/PtY, Pc/PtY 



-15 -10 -5 0 5 10 15 -15 -10 -5 0 


£ (deg) £ (deg) 

UPWT TS 2, M set = 2.40, \|/ = 0° 


Figure 27. 16-probe rake static pressure polars for taps A and C. 















£ (deg) 


UPWT TS 2, M set = 2.40, \|/ = 0 


Figure 27. Continued. 
















Probes Affected by Flow Disturbances 
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13 



Figure 28. Location of affected probes relative to rake blockage areas. 
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-15 -10 -5 0 5 10 15 -15 -10 


£ (deg) 

UPWT TS 2, M set = 2.40, \|/ = 0 


Figure 29. Concluded. 











UPWT TS 2, M set = 2.40, \|/ = 0° 


Figure 30. Rake 2 static pressure polars for taps A and C. 











PA/PtY, Pc/PtY 



UPWT TS 2, M set = 2.40, \|/ = 0° 

Figure 30. Concluded. 
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Figure 32. Cone-probe orientation angles. 



View Facing Into Cone-Probe 


0Cc Plane 



(3c Plane 


Figure 33. Cone-probe pressure tap identification. 
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Figure 34. Compressibility parameter variation with flow angle for rake 1 . 
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Figure 34. Continued. 
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Figure 34. Continued. 
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Figure 34. Continued. 
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Figure 34. Continued. 


109 



PRt 


0.32 

0.315 

0.31 

0.305 

0.3 

0.295 

0.29 

0.285 

0.28 

0.275 

0.27 

0.265 

0.26 



OC c (deg) 


0.32 

0.315 

0.31 

0.305 

0.3 

0.295 

DC 0.29 

Q. 

0.285 

0.28 

0.275 

0.27 

0.265 

0.26 



-15 -10 -5 0 5 10 

Pc (deg) 


Probe 6 


Figure 34. Continued. 
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Figure 34. Continued. 
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Figure 35. Compressibility parameter variation with flow angle for rake 2. 
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Figure 36. Compressibility parameter variation with inclination parameter for rake 1 . 
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Figure 37. Compressibility parameter variation with inclination parameter for rake 2. 
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Figure 38. Compressibility parameter variation with corrected inclination parameter for rake 1. 
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Figure 39. Compressibility parameter variation with corrected inclination parameter for rake 2. 
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Figure 39. Concluded. 
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Figure 41. Mach number dependency on fundamental compressibility parameter for rake 1. 
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Figure 41. Concluded. 
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Figure 42. Mach number dependency on fundamental compressibility parameter for rake 2. 
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Figure 42. Concluded. 
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Figure 43. Mach number correlation residual for rake 1. 
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Figure 44. Mach number correlation residual for rake 2. 
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Figure 45. Pitot pressure variation with flow angle for rake 1 . 






















Pty/PtO 


0.66 

0.65 

0.64 

0.63 

0.62 

0.61 

0.6 

0.59 

0.58 

0.57 

0.56 

0.55 

0.54 

0.53 

0.52 




OCc (deg) Pc (deg) 

Probe 8 

Figure 45. Concluded. 


173 





















Pty/PtO Pty/PtO Pty/PtO 


0.655 


0.65 

0.645 

0.64 

0.635 

0.585 

0.58 

0.575 

0.57 

0.565 

0.545 

0.54 

0.535 

0.53 

0.525 



M se t 

2.15 


0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 




0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 

PRacbd 

Probe 1 

-8° < a c , p c £ 8 C 


Figure 47. Pitot pressure variation with inclination parameter for rake 1. 
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Figure 47. Continued. 
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Figure 47. Continued. 
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Figure 47. Continued. 
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Figure 47. Continued. 
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Figure 47. Concluded. 
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Figure 48. Pitot pressure variation with inclination parameter for rake 2. 
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Figure 48. Continued. 
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Figure 48. Continued. 
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Figure 48. Continued. 
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Figure 48. Continued. 
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Figure 48. Concluded. 
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PRaCBDcoitY - [(P^AC + PPACbiasY) 2 + (P^BD + PPBDbiasY) 2 ] 1 
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Figure 50. Converged solution of pitot pressure deviation for rake 1. 
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Figure 50. Continued. 
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Figure 50. Continued. 
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Figure 50. Continued. 
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Figure 50. Continued. 
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Figure 51. Converged solution of pitot pressure deviation for rake 2. 
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Figure 51. Continued. 
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Figure 51. Continued. 
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Figure 51. Continued. 
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Figure 51. Concluded. 
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Figure 52. Total pressure recovery correlation residual for rake 1. 
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Figure 53. Total pressure recovery correlation residual for rake 2. 
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Figure 53. Concluded. 
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Figure 54. Continued. 
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Figure 54. Concluded. 
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Figure 55. Continued. 
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Figure 55. Concluded. 


226 




±2G(0Cccai), deg ±2G(0Cccai), deg 



2.1 2.15 2.2 2.25 2.3 2.35 2.4 2.1 2.15 2.2 2.25 2.3 2.35 2.4 

Average M 1Cca , Average M 1Cca , 



2.1 2.15 2.2 2.25 2.3 2.35 2.4 2.1 2.15 2.2 2.25 2.3 2.35 2.4 


Average M 1Cca | Average M 1Cca | 

a c /(3 c Range 

+40/+40 

±47±8° 

±87±4° 

±87±8° 

Figure 56. Angle of attack correlation residual for rake 1. 
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Figure 56. Concluded. 
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Figure 57. Angle of attack correlation residual for rake 2. 
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Figure 57. Concluded. 
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Figure 58. Cone-probe angle of sideslip variation for rake 1 at M set = 2.40. 
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Figure 58. Continued. 
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Figure 58. Continued. 
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Figure 58. Concluded. 
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Figure 59. Cone-probe angle of sideslip variation for rake 2 at M set = 2.40. 
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Figure 59. Concluded. 
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Figure 60. Angle of sideslip correlation residual for rake 1. 
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Figure 60. Concluded. 
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Figure 61. Angle of sideslip correlation residual for rake 2. 
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Figure 61. Concluded. 
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Figure 63. Test section crossflow uncertainty. 
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Figure 64. Test section Mach number uncertainty for Method III calculation. 
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Figure 65. Test section total pressure recovery uncertainty for Method III calculation. 
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Figure 66. Calibrated Mach number uncertainty for rake 1 . 
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Figure 66. Continued. 
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Figure 66. Concluded. 
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Figure 67. Calibrated Mach number uncertainty for rake 2. 
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Figure 67. Continued. 
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Figure 67. Continued. 
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Figure 67. Concluded. 
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Figure 68. Calibrated total pressure uncertainty for rake 1. 
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Figure 68. Continued. 
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Figure 68. Continued. 


269 




±Upt1c/PtO ±Upt1c/PtO 



2.1 2.15 2.2 2.25 2.3 2.35 2.4 2.1 2.15 2.2 2.25 2.3 2.35 2.4 

Average M 1Cca , Average M 1Cca , 

Probe 4 

2a of correlation residuals 

Calculation uncertainty 

Reference uncertainty 

Absolute uncertainty 
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Figure 68. Continued. 
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Figure 68. Continued. 
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Figure 68. Concluded. 
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Figure 69. Calibrated total pressure uncertainty for rake 2. 
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Figure 69. Continued. 
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Figure 69. Continued. 
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Figure 69. Continued. 
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Figure 69. Continued. 
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Figure 69. Concluded. 
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Figure 70. Calibrated angle of attack uncertainty for rake 1 . 
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Figure 70. Continued. 
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Figure 70. Continued. 
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Figure 70. Continued. 
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Figure 70. Concluded. 
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Figure 7 1 . Calibrated angle of attack uncertainty for rake 2. 
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Figure 71. Concluded. 
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Figure 72. Calibrated angle of sideslip uncertainty for rake 1 . 
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Figure 72. Continued. 
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Figure 72. Continued. 
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Figure 72. Concluded. 
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Figure 73. Calibrated angle of sideslip uncertainty for rake 2. 
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Figure 73. Continued. 
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Figure 73. Continued. 
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Figure 73. Concluded. 
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